DIVERGENT 
SERIES 


HARDY 


OXFORD 


DIVERGENT 
SERIES 


OXFORD 
AT THE CLARENDON PRESS 


This book by the late Professor Hardy 
contains the matter of his courses of 
lectures on Divergent Series, revised 
and enlarged in form suitable for pub- 
lication. The first two chapters are 
mainly historical. The remaining 
eleven develop the general theorems 
and special methods whereby it has 
been found possible to manipulate 
such series in a rigorous manner. They 
deal with general methods of summa- 
tion, arithmetic means, Tauberian 
theorems for power series, the methods 
of Euler and Borel, multiplication of 
series, Hausdorff means, Wiener’s 
Tauberian theorems, and the Euler- 
Maclaurin sum formula. 


‘Undoubtedly the book will be the textbook 
on divergent series for many years to come.’ 
Philosophical Magazine 


PRESTON POLYTECHNIC LIBRARY 
Tel. Preston 51831 


This book must be returned on or before the date last stamped 


23. DE. 197; 
-7 Ocl. 1993 


515.243 HAR 


| 


3 


SNA 


107 


DIVERGENT 
SERIES 


DIVERGENT 
SERIES 


BY 


G. H. HARDY 


EMERITUS PROFESSOR OF PURE MATHEMATICS 
IN THE UNIVERSITY OF CAMBRIDGE 


OXFORD 
AT THE CLARENDON PRESS 


Oxford University Press, Ely House, London W, 1 


GLASGOW NEW YORK TORONTO MELBOURNE WELLINGTON 
CAPE TOWN IBADAN NAIROBI DAR ES SALAAM LUSAKA ADDIS ABABA 
DELHI BOMBAY CALCUTTA MADRAS KARACHI LAHORE DACCA 
KUALA LUMPUR SINGAPORE HONG KONG TOKYO 


ISBN O 19 853309 8 


First edition 1949 
Reprinted from corrected sheets of the first edition 
1956, 1963, 1967, 1973 


PRESTON 
POLYTECH”’ 


a 


51926 


Printed in Great Britain ¢ 
at the University Press, Oxford 
by Vivian Ridler 
Printer to the University 


Dedicated by the author to 
L. 8. BOSANQUET 
without whose help this book 
would never have been 
finished 


PREFACE 


Harpy in his thirties held the view that the late years of a mathe- 
matician’s life were spent most profitably in writing books; I remember a 
particular conversation about this, and though we never spoke of the 
matter again it remained an understanding. The level below his best at 
which a man is prepared to go on working at full stretch is a matter of 
temperament; Hardy made his decision, and while of course he con- 
tinued to publish papers his last years were mostly devoted to books; 
whatever has been lost, mathematical literature has greatly gained. All 
his books gave him some degree of pleasure, but this one, his last, was his 
favourite. When embarking on it he told me that he believed in its value 
(as he well might), and also that he looked forward to the task with 
enthusiasm. He had actually given lectures on the subject at intervals 
ever since his return to Cambridge in 1931, and had at one time or another 
lectured on everything in the book except Chapter XITT. 

The title holds curious echoes of the past, and of Hardy’s past. Abel 
wrote in 1828: ‘Divergent series are the invention of the devil, and it is 
shameful to base on them any demonstration whatsoever.’ In the 
ensuing period of critical revision they were simply rejected. Then came 
a time when it was found that something after all could be done about 
them. This is now a matter of course, but in the early years of the cen- 
tury the subject, while in no way mystical or unrigorous, was regarded 
as sensational, and about the present title, now colourless, there hung 
an aroma of paradox and audacity. 

J. E. LITTLEWOOD 
August 1948 


NOTE 


Proressor Hardy, who died on 1 December 1947, had sent the galleys 
of Chapters I—X to the press, and read the remaining galleys, before he 
felt unable to continue the work. Dr. H. G. Eggleston and I. who had 
also been reading the proofs, completed their revision in both galley and 
page form. Professor W. W. Rogosinski read the manuscript of Chapters 
I-Il and XI-XII, and Miss S. M. Edmonds that of Chapter X; and I also 
read the book in manuscript. Dr. Eggleston checked all the references, 
drew up the lists of authors and definitions, and drafted the general 
index; and I added the note on conventions. My own task has been 
greatly lightened by Dr. Eggleston’s help, and also by the care and 
consideration of the Clarendon Press. 


L. 8S. BOSANQUET 
August 1948 
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NOTE ON CONVENTIONS | 


A FEW conventions and familiar results, not emphasized in the text, 
are stated here. 


STIRLING’S THEOREM 
It is proved in § 13.11 that, for large real x, 
log T(a+1) = (2+4)log x—x+-4 log 27+ O(x-), 
and generally 
log C(a+1) = (x-+4)log x—2-+ 3 log 27++ 


a > i ly Beg ted + O(x-2k-2), 


These formulae are used freely in the earlier chapters. The second is 
assumed in § 6.10 for complex x (cf. Whittaker and Watson, 251-3). 
BINOMIAL COEFFICIENTS 
For n = 0,1.,..., 
( ‘)= o(a—1).. (a—n-+ a) 
n 


n! 


(+A) (B-+1)(B-+2)..(B-+m) _ - (54, 


B n! n 
It follows from Stirling’s theorem that, if B A —1, —2,..., then 
n+B - 
( B )= rent. Econo Olnb 2-9), 


SUMMATION CONVENTIONS 


B 
f(r) denotes > f(n); 
; fe a a<n<p 
if B <a this is zero. 
>, written without limits, usually denotes >, or > if a term of zero 
0 1 
rank is not defined, but other conventions are sometimes used. Con- 


ventions are given on pp. 42, 96, 131-2, 139, 162, 205, 215, 227, 239-40, 
320, 350, and 372. 


DIFFERENCES 
Au, = Un—Unap AU, = Un» 


Atu, = A Au, (bk = 1,2...) 


xvi NOTE ON CONVENTIONS 


INTEGRATION CONVENTIONS 

‘Integrable in (a,b)’ means ‘integrable in the Lebesgue sense in 
(a, b)’. 

All functions that occur are assumed to be measurable. Thus, if (a, b) 
is a finite interval, ‘f = O(1) in (a,b)’ implies ‘f is integrable in (a, 6)’. 


co x 
f denotes lim J , if this limit exists, i.e. if the integral is convergent. 
0 Xn 9 


f , written without limits, usually denotes f , but other conventions 
0 
are sometimes used. Conventions are given on pp. 12, 50, 98, 110, 115, 
135, 156, 166,215, 235, 257, 285, 296, 327, 330, and 338. 
THE Cuasszs L ann L’ (r > 0) 
‘f is L*(a, b)’ means ‘[f is measurable and] |f|" is integrable in (a, b)’. 
‘fis L’ means ‘fis L!’. Thus ‘f is L(0, 00)’ is equivalent to ‘ f fda is 
é 
absolutely convergent’. 


CONSTANTS 
Capital letters, such as H, K,..., are used to denote numbers indepen- 
dent of the variables under consideration, but are not necessarily the 
same at each occurrence. 
O, Or, Op,0 AND ~. 
If ¢ > 0, then 
‘f = O(f)’ means ‘|f| < H¢’, 
‘f = 0,($)’ [or On($)] means ‘f > —H¢’ [or < Hg], 
‘f = o(¢)’ means ‘f/d>0’, 
‘~~? means ‘f/d—> 1’.T 
The symbol ~ is also used for ‘has the asymptotic series’, ‘has the 
Fourier series’, and ‘is the Fourier transform of’. 


SIGN OF x 
_ {2/lxl (z| 4 9) 
ae 0 (|x| = 0). 
INTEGRAL PART OF & 
[x] denotes the algebraically greatest integer not exceeding x. 


{ Here, of course, ¢ may be negative. 


I 
INTRODUCTION 


1.1. The sum of a series. The series 
p An = Agta,+a,+... 


is said to be convergent, to the sum s, if the ‘partial sum’ 


Sn = Ag ta,t... Fan 


tends to a finite limit s when n 00; and a series which is not con- 
vergent is said to be divergent. Thus the series 


(a): dabei (1.1.2) 1—24+3—44..., 
(1.1.8) ~“1-2+4=—8-+4.,, (iay Taito sis, 
(i) re. (1.1.6)  1424+448-+4..., 

are divergent. The series 

(1.1.7) 1tei9+ e204... (1.1.8)  4+cos 0+ cos 20+..., 
are divergent for all real 0, and 

(1.1.9) sin 0+ sin 26-+sin 36+... 


is divergent except when @ is a multiple of 7, when it converges to the 
sum 0. 

The definitions of convergence and divergence are now commonplaces 
of elementary analysis. The ideas were familiar to mathematicians 
before Newton and Leibniz (indeed to Archimedes); and all the great 
mathematicians of the seventeenth and eighteenth centuries, however 
recklessly they may seem to have manipulated series, knew well enough © 
whether the series which they used were convergent. But it was not 
until the time of Cauchy that the definitions were formulated generally 
and explicitly. 

Newton and Leibniz, the first mathematicians to use infinite series 
systematically, had little temptation to use divergent series (though 
‘Leibniz played with them occasionally). The temptation became 
greater as analysis widened, and it was soon found that they were 
useful, and that operations performed on them uncritically often led 
to important results which could be verified independently. We give 
a few simple examples in the next section; in Ch. IT we shall give others, 


of greater importance, from the work of the classical analysts. 
4780 a 
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1.2. Some calculations with divergent series. We know that 

(1.2.1) ltefatp... = 

. 1—zx 
if |x| <1. It seems plain that, if we are to attribute a ‘sum’, in some 
sense, to the series for other x, this sum should be formally the same. 
For (i) it would be very inconvenient if the formula varied in different 
cases; (ii) we should expect the sum s to satisfy the equations 

$= 14a+2?+23+... = 1fa(l+a+224+...) = 1+2s; 

and (ili) the left-hand side of (1.2.1) is the result of performing the 
division implied by the right, so that there is certainly one sense of ‘=’ 
with which (1.2.1) may be said to be true for all x. 

(1) Let us assume then that (1.2.1) is, in some sense, true for all x 
(except perhaps for x = 1, which plainly presents special difficulties), 
and operate on the formula in an entirely uncritical spirit. 

Putting « = e®, where 0 < 6 < 2h (so that x 1), we obtain 
(1.2.2) 1+ e+ e294... = (1—e%)-1 — 34 hi cot4o, 
and so 
(1.2.3) $+cos0+cos 20+... = 0, (1.2.4) sin#+sin 20+... = 4cot 40, 
for 0 < 6 < 27. Changing 0 into 6-+7, we obtain 


(1.2.5) $—cos6+cos 20—... = 0, (1.2.6) sin@—sin 26+... = }tan 40, 
for —7 <@0<7. For 6 = 0, (1.2.5) gives 
(1.2.7) I-141—..=4. 


(2) We now differentiate (1.2.5) and (1.2.6) repeatedly with respect 
to 6. We thus obtain 


(1.2.8) 3S (—1)"-In%*cosn@ =0 (k = 1,2,...3 —7 <0 <2), 
1 
(1.2.9) S (—1)"-1n?*+1 sin n? = 0, 
1 
foe) 2k 
(1.2.10) S (—1) tnt sin nd = (1455) jtan 46, 


. © k ad 2k+1 
(1.2.11) 2 (—1)"-n?*+1 cos n6 = (—1) (i) étan 46, 


the last three formulae for k = 0, 1,.... —7 <@< 7. In particular, 
putting @ = 0 in (1.2.8) and (1.2.11), and 9 = 4m in (1.2.9), and re- 
membering that the Taylor’s series for 4 tan,46 is 

. 2. Q2K+2__ 


stan 46 = — 
2 - 
= (2k-++-2)! 


2h+1 
By 419 * 
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where B, is Bernoulli’s number, we obtain 


(1.2.12) p2e_92k132% = 0 (k= 1,2....), 
(1.2.13) [24 +1 g%h+14 | = (yelp (Gay 0-1 se) 
. ase ok+2 k+1 94> ’ 
(1.2.14) [2k+1_g2ke+14 52e+1_ = 0 (k = 0,1....). 
Similarly, starting from P 
(1.2.15) eff __ 3104 e5t9__ |, — cae = sec, 


and remembering that 


sec 0 = Lt at (hy! = 


where #, is Euler’s number, we obtain (1.2.14) and also 


(1.2.16) 12k 32k 52k. — 4(—1)*E, (k = 1, 2.,...). 
We observe in passing that (1.2.13), for k = 0, is 
(1.2.17) 1—2+3—4-+... = }, 


which is also the result of squaring (1.2.7) by Cauchy’s rule 
(I—1-++1—...)(1—1+1—...) = 1.1—(1.14 1.1) 4+(1.141.14-1.)—.... 


(3) If we integrate (1.2.5) from @ = 0 to 6 = ¢, and then write 6 
again for ¢, we obtain 


(1.2.18) sind—4sin 20+4sin30—...= 40 (—a7<0<7). 
This series is convergent. A second integration gives 
cos20  1—cos 30 
(1.2.19) 1—cos6— “8 a ca 462, 
Here we may include the limits,f and 6 = z gives 
1 1 
(1.2.20) Itatat- =a" 
Since 
1 1 1 1 1 1,1 
ar a = =I+5 ate ge ~ 92 eT a = (\—Ffitstat-) 
we deduce 
1.2.21) 1 Ei = 47? 1.2.22) 1 ap oe = jn? 
( a. ) Toataat- = 4a ) ( ae ) —aa tas = sT; 
and so 


cos 26 | cos 30 
92 320 


(1.2.23) cos@— = dr?—102? (—7 SO6 <7). 


+ The series being uniformly convergent for all @. 


4 INTRODUCTION [Chap. I 


Further integrations lead to the summation of >} (—1)"-1n-** cos n@ 
and > (—1)"-1n-**-1 sin n6 by means of the Bernoullian functions. 

(4) Alternatively, we could, by a more daring calculation, deduce 
(1.2.19) from (1.2.7) and (1.2.12), arguing that 


-> arn) > (—1)"-'n2* = 462(1—1+1—...) = 36%. 


Indeed we could generalize this argument. Suppose that 
S(O) = ay+a, 0?+-a, 04+... 
is convergent for all 6. Then the argument suggests that 


(1.2.24) 


foe) 


= ff o. (—])r-1 ca 00 
> (— 11) Ee » » > a,(n0)2 = = a, 0% Dy (—1)"-1n2!-2 


t=0 


1 1 1 
alts ~ 2 a 32 —...)+a 62(1—1+1—...) = faq77?+ 3a, 6. 


This is plainly not true generally; for example, it is false when 
f(0) = e~®: but it is true for quite extensive classes of functions. Thus, 
if f(6) is the Bessel function 


J,(9) = l—-Sto ge 
it gives 


HP) oo). = yn? 40? 


(—7 <O0< 7m). 


(5) From (1.2.4) we deduce 


ao ‘ 1 * 
F conndsin np = Hootdig-+0)-+eoty(s—0) = 3 SAS 


and so 


for any positive integral m. If we integrate this equation from @ = 0 
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to @ = 7 (ignoring any difficulties about the range of @ over which it may 
be expected to be validt), we obtain 


7 
| cosmO—cosmd 5, __ 2 sin md 


cos#—cosé  =—s sind’ 


(1.2.26) 


which may be verified in various ways. 
(6) It follows from (1.2.4) and (1.2.6) that 


sin 6-+sin 30+... = dcosec 6, sin 20+-sin 40+... = 4 coté. 
If we multiply these equations by 6, integrate from @ = 0 to 0 = jn, 
and observe that 


i ir 
° a (—1)" : ey eee n—-1 7 
[eanierte db = Bye jean dp = (—1)4Z,, 
we obtain 
}7 
0 ] ] 
1.2. eee = PAPERS Daltile 
(1.2.27) laa# ot ota = 
0 
tr 
(1.2.28) J 6 cot 6 dO = imlog 2. 
0 


These formulae also may be verified independently. 


1.3. First definitions. The results of the formal calculations of 
§ 1.2 are correct wherever they can be checked: thus all of the formulae 
(1.2.18)—(1.2.23), (1.2.25), and (1.2.26)—(1.2.28) are correct. It is natural 
to suppose that the other formulae will prove to be correct, and our 
transformations justifiable, if they are interpreted appropriately. We 
should then be able to regard the transformations as shorthand repre- 
sentations of more complex processes justifiable by the ordinary canons 
of analysis. It is plain that the first step towards such an interpreta- 
tion must be some definition, or definitions, of the ‘sum’ of an infinite 
series, more widely applicable than the classical definition of Cauchy. 

This remark is trivial now: it does not occur to a modern mathe- 
matician that a collection of mathematical symbols should have a 
‘meaning’ until one has been assigned to it by definition. It was not 
a triviality even to the greatest mathematicians of the eighteenth 
century. They had not the habit of definition: it was not natural to 

+ We have to expect trouble with (1.2.4) for 9 = 0 or @ = 27, since the left-hand side 
vanishes identically and the right-hand side has an infinity, and here for values of @ 
for which cos 6 = cos ¢. But it is not unreasonable to suppose that these difficulties 


will disappear when we multiply by the factor cos m@—cos m¢; and the result seems to 
justify our expectation. 
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them to say, in so many words, ‘by X we mean Y’. There are reservations 
to be made, to which we shall return in §§ 1.6—7; but it is broadly true 
to say that mathematicians before Cauchy asked not ‘How shall we define 
1—1+]—...?’ but ‘What 7s 1—1-+-1—...?’, and that this habit of mind 
led them into unnecessary perplexities and controversies which were 
often really verbal. 

It is easy now to pick out one cause which aggravated this tendency, 
and made it harder for the older analysts to take the modern, more 
‘conventional’, view. It generally seems that there is only one sum 
which it is ‘reasonable’ to assign to a divergent series: thus all ‘natural’ 
calculations with the series (1.1.1) seem to point to the conclusion that 
its sum should be taken to be 4. We can devise arguments leading to 
a different value,} but it always seems as if, when we use them, we are 
somehow ‘not playing the game’. 

The reason for this is fairly obvious. The simplest argument for 
(1.2.7) is ‘s = 1—1+1—... = 1—(1—1+1—...) = 1—s, and so s = }’: 
we thus obtain the value 4, whatever our definition, provided only 
that it satisfies certain very natural conditions. 

Let us suppose, for example, that we have given any definition of 
the sum of a series which satisfies the following axioms: 


(A) if Sa,=s then > ka, = ks; 
(B) if Sa,=s and Yb, =t, then > (a,+b,) = 8+t; 
(C) tf Apta,+an+...= 8 then a,+a,+03+... = 8—p, and con- 


versely. 
Actually, all definitions which we shall use satisfy (A) and (B), and 
most, though not all, satisfy (C). Then, if 1—-1+-1—... = s, we have 


g= 1-14... = 14(—141-...) = 1—(1— I+...) = l—s: 
here we have used only (A) and (C). Similarly, if 1—2+-3—4+... = 8, 
we have 

p22 72948 =. 1 (04 9244..) = 10-84-45.) 

= 1—(1—1+1—...)—(1— 2-4 3—...) = 1-4-2, 

and so s = }, in agreement with (1.2.17). Here we have used all of 
(A), (B), and (C). 

We pick out here four of the large number of useful definitions which 


we shall have occasion to use later. We shall make systematic use of 
the following notations. If we define the sum of }'a,, in some new 


+ See § 1.6(2). 
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sense, say the ‘Pickwickian’ sense, as s, we shall say that da, is 
summable (P), call s the P sum of > a,, and write 


Ya, =s (P). 
We shall also say that s is the P limit of the partial sum s,, and write 
8, > 8s (P). 
Our choice of letters to be associated with different definitions will be 
determined mainly by convenience, but sometimes also by historical 
considerations. 

(1) If s, = a@)+a,+...+a, and 

(1.3.1) lin “On zy 
n> n+1 
then we call s the (C, 1) sum of >a, and the (C, 1) limit of s,. 

(2) If } a, x" is convergent for 0 < a < 1 (and so for all z, real or 
complex, with |x| < 1), f(x) is its sum, and 
(1.3.2) lim f(x) = s, 

z—>1-—0 . 
then we call s the A sum of > a,,. 

(3) If > a, x” is convergent for small x, and defines a function f(x) of 
the complex variable x, one-valued and regular in an open and connected 
region containing the origin and the point z = 1; and f(1) = s; then 
we call s the € sum of }a,. The value of s may naturally depend on 
the region chosen. 

(4) Our fourth definition requires a little more explanation. Suppose 
that the series > a, x" converges for small x, and that 


bf 


y x 
1.3. — na = 
(1.3.3) eH Gugt <= ya 
so that y = 34 corresponds to x = 1. Then, for small x and y, we have 
“f(e) = D a, 2"? = ag— +4,———_, + ee +... 
fa) = 2 °1—-y ' *(1—y)? © 7(1—y)8 
— 5 . p+m p+m+i — . S ” n+l 
=. >| m ) — 22 n—pyy 
p=0 m=0 p=0 n=p 


Inverting the order of summation, we find that 


io] n foe] n oO 
n n 
n=0 p=0 u— FP n=0 p=0 P. n=0 
for small y, where 


(1.3.4) bb = 4, 6, = tot (Tar +(3)aat ta. 
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If the y-series is convergent for y = }, to sum s, ie. if 


(1.3.5) goo +30, +$b,+... = F 2-"-1b, = 8, 
then we call s the (E, 1) sum of > a,. 


The letters € and E both stand for Euler, A for Abel, and C for Cesaro. The 
reasons for these choices, and for the figures in (C, 1) and (E, 1), will appear later. 
The ‘(C, 1)’ definition was used by D. Bernoulli in 1771, but only in the special 
case when the series is a periodic oscillating series, i.e. when @n,5 = @, for a fixed 


Pypne Agta t...+4,_1 = 0. 

It had been applied to the special series (1.1.1) by Leibniz as early as 1713. But 
neither Leibniz nor Bernoulli said in so many words that they were giving a 
definition. In modern times it was used implicitly by Frobenius and Holder in 
1880 and 1882; but it does not seem to have been stated formally as a definition 
until 1890, when Cesaro published a paper on the multiplication of series in which, 
for the first time, a ‘theory of divergent series’ is formulated explicitly. ‘Lorsque 
8n» sans tendre vers une limite, admet une valeur moyenne s finie et déterminée 
{i.e. when (1.3.1) is true] nous dirons que la série a,+a,+a,+... est simplement 
indéterminée, et nous conviendrons de dire que s est la somme de la série.’ Cesaro 
goes on to consider series ‘r-fois indéterminées’, and proves a general theorem t 
which will be prominent in Ch. X. Cesaro’s paper has become famous, and his 
language now seems almost absurdly modest: ‘il résulte de 1a une classification 
des séries indéterminées, qui est sans doute incompléte et pas assez naturelle . . .’ 
In fact his classification is entirely natural. 

The ‘A’ definition is sometimes called the ‘P’ definition, after Poisson, who 
used it, in effect, for the summation of Fourier series. It also can be traced 
through Euler back to Leibniz. The justification for the ‘A’, which is usual with 
English writers, lies in Abel’s theorem on the continuity of power series, which 
establishes the ‘regularity’ (§ 1.4) of the method, and will be proved, as a special 
case of a much more general theorem, in Ch. IV. 

The € method embodies, in modern language, Euler’s famous principle ‘summa 
cujusque seriei est valor expressionis illius finitae, ex cujus evolutione ila series 
oritur’. We shall have more to say about this in §§ 1.6—7: for the moment we 
observe only that Euler was obviously thinking in terms of power series, and that 
no mathematician of his period could possibly have expressed himself on such a 
subject without very serious ambiguity. 

Finally the ‘(E, 1)’ method is derived from ‘Euler’s transformation’, which was 
primarily a weapon for transforming slowly convergent into rapidly convergent 
series, but which he applied to divergent series also. 


It is plain that all these methods satisfy our axiomatic requirements 
(A) and (B), and it is easy to verify that the first three also satisfy (C), 
provided that the © method is associated with a definite region of 
continuation. We denote the partial sums of d)+4a,+a,+... and 
a,+a,+a3+... by s, and ¢,, so that t, = 8,4,—@; and write 

f(x) = a,+4,2%-+03 27+... 


so that 2 f,(x) = f(x)—a. 
t Theorem 41. 
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(1) Ifa ,+a,+a,+... is summable (C, 1) to s, then 


tobty te tty a a 
n+1 n+1 n+2 
so that a,+a,+... is summable (C, 1) to s—dp, 
(2) Ifa,+a,-+... is summable (A) to s, then 
f(x) = x f(x)—Aag} > 8—4p, 
and a,-+a,+... is summable (A) to s—dp. 

(3) If f(x) is one-valued and regular in a region including 0 and 1, 
and f(1) = s, then f,(z) is also one-valued and regular in the region, 
and f,(1) = s—dp. 

Thus the direct statement in (C) is true of each of the three methods, 
and the arguments are plainly reversible. It is less obvious that the 
(E, 1) method satisfies (C), and we postpone the proof to § 8.3. If we 
take this for granted for the moment, then it becomes plain that all 
four methods, if they sum (1.1.1), must give the sum 4. It is easy to 
verify this directly, since s, is 1 for even and 0 for odd n, so that 
Sots t+... +8, is $(n4+2) or $(n+1); since f(x) = (1+2)-1; and since 
by = land 6b, = 0 forn > 0. 

We shall see later (or the reader may verify as an exercise) that all 
four methods also yield the equations (1.2.2)-(1.2.7), and that the last 
three yield all of (1.2.8)-(1.2.17). The (C, 1) method fails with (1.2.17), 
since the values of s, are 1, —1, 2, —2, 3,... and 89+8,+...+8, is 
1(n+2) for even and 0 for odd n. It will be observed that in this case 
a repetition of the averaging process would give the limit 4. 

Methods (1), (2), and (4) give co as the sum of (1.1.5): in the last case 
b, = 1, 6, = 2, b, = 4,..., so that the series (1.3.5) is 4+4+4-.... 
Method (3) is inapplicable, since f(z) = (1—2)-1 is not regular at x = 1. 

Methods (1) and (2) fail for (1.1.3): the values of s, are 1, —1, 3, —5, 
11,...; and > a, x” is not convergent when x > 3. Method (3) gives the 
sum 3. In method (4), b, = (1—2)" = (—1)", and so 

tbo +41 +3024... = $—14+4-... = 3 
so that this method also gives 4. This is plainly the ‘right’ sum, since 
it satisfies s = 1—2s. 

It is also instructive to consider (1.1.6). Here method (1) gives oo. 
Method (2) is inapplicable for the same reason as in the last paragraph. 
Method (3) gives (I—2.1)-1 = —1. Finally, with method (4), we have 
b,, = (14+2)” = 3”, 


Abyt+4b,+4be+... = E+E. +E" +. 
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which diverges to 00, so that the method gives co. It will be observed 
that in this case there are two suggested ‘sums’, viz. co and —1, and 
that the second has an air of paradox, since it does not seem natural 
to attribute a negative sum to a series of positive terms. 


1.4. Regularity of a method. It is easy to state in general terms 
some of the qualities required for a useful method of summation of 
divergent series. It should be simple, as, for example, the first two 
methods of §1.3 are simple; and it should be reasonably general, in the 
sense of being applicable to a good variety of important series. There 
is another requirement which can be ‘stated more exactly, that of 
consistency or regularity. 

A method will be said to be regular if it sums every convergent series 
to its ordinary sum. Thus the (C,1) and A methods are regular, since 
> a, = 8 implies both 


gi as Sg t+Sy+.. +8n _, 
7 n+1 


and f(x) = > a,x" > s, the first by a well-known theorem of Cauchy, 
the second by Abel’s theorem on power series. 

These methods are regular in an extended sense. If a, is real and 
8, > 00 (for example, if } a, is a divergent series of positive terms), 
then S,, -> oo, and the (C, 1) method gives s = oo. For the A method 
there are two possibilities. Either > a, 2” diverges for some x = a <1, 
in which case it necessarily diverges to co in the interval (z,,1), and 
f(z) = © in such an interval; or > a,x” converges for 0 <x <1, in 
which case f(x) ->0o when x-> 1. In either case we can say that the 
A method gives s = oo. When a regular method has this additional 
property, we shall say that it is totally regular. We shall see (§§ 3.6 and 
4.6) that the (E, 1) method is also totally regular. It is obvious that the 
€ method is not totally regular, since it sums 1+2+4+8-+... to —1. 
In fact it is not even regular, since f(x) need not be regular at x = 1 
when > a,, converges. 


1.5. Divergent integrals and generalized limits of functions of 
a continuous variable. It is natural to give similar definitions apply- 
ing to functions of a continuous variable x. Suppose that a(t) is 
integrable in every finite interval (0, x), that 


x 


s(a) = i a(t) dt, 
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and that we have given some ‘Pickwickian’ definition of the limit s of 
s(x) when x > 00, or, what is the same thing, of 
f a(x) dx. 
fr) 
Then we shall say that a(x) is P integrable in (0,00), that s(x) has the 
P limit s, that s(x) > s (P), and that 
J a(x) dx = s (P). 
ny 
Thus the definitions corresponding to the first three of §1.3 are as 
follows. 
(1) If 


z 
(1.5.1) =| a(t) dt > 
J 
or, what is the same thing, if 


- | (x—t)a(t) dt > s, 
0 


we shall say that 


foe) 


(1.5.2) [ az) dx = s (C,1). 
(2) If : 
(1.5.3) fiw) = i} e-ra(x) da 


0 
is convergent for w > 0, and f(w) > s when w > -+-0, we shall say that 


(1.5.4) J a(x) dx = 8 (A). 
0 
(3) If there is a function f(w) of the complex variable w, defined by 
(1.5.3) for large positive w, and one-valued and regular in an open and 
connected region containing the origin and the distant part of the . 
positive real axis; and if f(0) = s; then we shall say that 
(1.5.5) | a(x) dx = s (€).t 
0 
We can modify all these definitions, if we please, by a change in the 
lower limit. There is no useful analogue of the (E, 1) definition. 


+ The definition does not correspond exactly to the ‘€’ definition of § 1.3, since f(w) 
will not usually be regular at infinity. 


12 INTRODUCTION [Chap. I 


Thus if a(x) = em, where m > 0, we have 


s(t) = * emi, | s(t) dt = © 


so that 
(1.5.6) J emiz dy — alg | cos ma dx = 0, ( sin ma dx = 
am 0 


0 0 


S| 


all (C, 1); and | etwmmic dy = 


0 


a 
° > 9 
w—-m om 
so that the A and & methods give the.same results. Also 
s(x) = im-1(1—e™*) > im— (P), 
so that 


(1.5.7) ema _» (), cos ma — 0, sin ma -> 0 (P), 


where P may be (C,1), A, or €. We have thus defined various senses 
in which ‘cosoo = 0 and sinoo = 0’. 


It will be observed that 


1 f cos? 1. sin 2ma 1 
- . mt dt = = = 
x | sin? 2 = ma 2? 
0 
so that cos?max —> 4, sin?’mx —> 4 (C,1); 


and it is easy to show that the A and © methods give the same limits. It is not 
to be expected that the P limit of the square of a function should usually be the 
square of its P limit. 


We add some examples of formal calculations with integrals analogous 
to those of §1.2. All the integrations are over (0,00). Differentiation 
of (1.5.6) with respect to m gives 


(1.5.8) [= cosmx dx = 0, | xPt1sin max dx = 0, 
Ip)! 
2n a eyes: (2p)! 
(1.5.9) | x? sin mex de = (—1)? “So, 
pt+l1 (2p+1)! 


e 


[ #4 cos ma dx == (—1) 


If A(X) = Ap +a,2?+a,x4+..., 
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and we integrate term by term, then we obtain 
(1.5.10) i d(x)cos ma dx = a { cos mx dx +-a, i x2cosmx dx +-... = 0, 


, _ : _ ay 2a, , Slay 
(1.5.11) f $@)sin ma de = ay | sinma de +... = = ay ae 


As is to be expected, these formulae are sometimes correct and some- 
times not. Thus if d(x) = Jo(x) they are 

: 1 11 1 
J Jole)cos amex dx = 0, f Jo(e)sin ma dz = “toate = Jm®—1)’ 
and they are correct when m > 1. But they are false when m < 1, 
and (1.5.10) is obviously false when ¢(x) = e-’. 


1.6. Some historical remarks. In the next chapter we shall give 
substantial examples of the use of divergent series by Euler and other 
early analysts. It will be convenient to lead up to them by a few more 
miscellaneous remarks. 

(1) The earliest analysts were, on the whole, rather severely ‘ortho- 
dox’: their work had the arithmetical spirit of that of the Greeks. What 
is lacking in the work of Cavalieri, Wallis, Brouncker, Gregory (who 
first used the word ‘convergent’), and Mercator is not rigour but 
technique. In particular they were handicapped by the lack of service- 
able criteria for convergence. Newton was the first analyst who was 
the master of a really powerful technique: he regarded infinite series 
primarily as a tool for quadratures, and there was so much for him to 
do in this field that the rewards of orthodoxy were sufficient. He was 
no doubt aware that many of his formulae could be interpreted in 
different senses, for example, that 


(1.6.1) os = Agta, r7+a,x7+..., 


where f and g are polynomials, could be interpreted either in the 
arithmetical sense which demands convergence or in the algebraical 
sense in which it means that 


(1.6.2) f(x)— (Gp ta, 2+... 4a, 2")9(x) 
is divisible by x"+1 for every value of n. . 
(2) Thus there is little about divergent series before Euler except in 
certain passages in the correspondence of Leibniz and the Bernoullis; 
and the impression which these leave is that Leibniz missed a great 
opportunity. He was on the track of at least one of the standard 
definitions, but gave way to the temptation of seasoning the discussion 
with metaphysics. The sum of 1—1-+1—... is to be 4 on grounds of 
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‘probability’: ‘porro hoc argumentandi genus, etsi Metaphysicum magis 
quam Mathematicum videatur, tamen firmum est: et alioqui Canonum 
Verae Metaphysicae major est usus in Mathesi, in Analysi, in ipsa 
Geometria, quam vulgo putatur.’ Such language from so great a 
mathematician invited confusion in weaker minds;f and Leibniz’s ‘lex 
continuitatis’, ‘unde fit, ut in continuis extremum exclusivum tractari 
possit ut inclusivum’—the principle, so often appealed to by the British 
mathematicians of the early nineteenth century, that ‘what is true up 
to the limit is true at the limit’—was still more unfortunate. It was 
nearly 100 years later when Lagrange (referring to an observation of 
Callet which we shall quote in a moment) remarked that ‘les géométres 
doivent savoir gré au cit. Callet d’avoir appelé leur attention sur 
l’espéce de paradoxe que présentent les séries dont il s’agit, et d’avoir 
cherché a les prémunir contre l’application des raisonnements méta- 
physiques aux questions qui, n’étant que de pure analyse, ne peuvent 
étre décidées que par les premiers principes et les régles fondamentales 
du calcul’. 

Callet’s remark refers to Euler’s principle ‘summa cujusque seriei . . .’, 
which we quoted in § 1.3, and which was the subject of a correspondence 
between Euler and N. Bernoulli in 1743. Bernoulli had objected that 
the same series might ‘arise’ from two different ‘expressions’ which 
yielded different values, and Euler had committed himself to the 
assertion that this could not happen. Writing to Goldbach in 1745, he 
says ‘Dariiber hat er zwar kein Exempel gegeben, ich glaube aber gewiss 
zu sein, dass nimmer eben dieselbe series aus der Evolution zweier 
wirklich verschiedenen expressionum finitorum entstehen konne’. 
Callet, forty or fifty years later, observed that 1—1-++1—... arises, when 
we put x = 1, not only from (1+2)-! = 1—a#+2*—..., but also from 
(1.6.3) l+a+...pan7} = 1—2™ 

l+a-+...-a7-1 1—a” 
for any m <n, and that Euler’s principle might thus be made to give 
any sum m/n for 1—1+1—.... 

The explanation is fairly obvious (and was given by Lagrange him- 
self). The series (1.6.3), considered as a power series, has gaps: thus 
when m = 2,” = 3, it is 

1+-0.2—1.2?+1.23+0.24—1.25+-...; 
Euler’s principle does not assign the sum § to 1—1+1—... but to 
1+0—1+1+0—1+-...; and there is no @ priori reason for expecting 


= 1—a7™+yr—grtmt gen... 


+ Even Euler appealed to metaphysics when he could think of nothing better—‘per 
rationes metaphysicas . . . quibus in analysi acquiescere queamus’. 
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the two series to have the same sum. And, in fact, Euler’s assertion, 
when properly interpreted, is correct, since a convergent power series 
has a unique generating function. 

It is a mistake to think of Euler as a ‘loose’ mathematician, though 
his language may sometimes seem loose to modern ears; and even his 
language sometimes suggests a point of view far in advance of the 
general ideas of his time. Thus, in the very passage in which he 
formulates his principle, he refers to the series (1.1.4). The principle, 
as we formulated it in § 1.3, does not apply to this series, since 
1—1!z+2!x%2—3!234+.... is not convergent for any x but 0. Even so, 
says Euler, ‘ich glaube, dass jede series einen bestimmten Wert haben 
miisse. Um aber allen Schwierigkeiten, welche dagegen gemacht 
worden, zu begegnen, so sollte dieser Wert nicht mit dem Namen der 
Summe belegt werden, weil man mit diesem Wort gemeiniglich einen 
solchen Begriff zu verkniipfen pflegt, als wenn die Summe durch eine 
wirkliche Summierung herausgebracht wiirde: welche Idee bei den 
seriebus divergentibus nicht stattfindet....’ This is language which 
might almost have been used by Cesaro or Borel. And in another place, 
referring more generally to the controversies excited by the use of 
divergent series, he suggests that they are largely verbal: ‘quemad- 
modum autem iste dissensus realis videatur, tamen neutra pars ab 
altera ullius erroris argui potest, quoties in analysi hujusmodi serierum 
usus occurrit: quod gravi argumento esse debet, neutram partem in 
errore versari, sed totum dissidium in solis verbis esse positum.’ Here, 
as elsewhere, Euler was substantially right. The puzzles of the time 
about divergent series arose mostly, not from any particular mystery 
in divergent series as such, but from disinclination to give formal 
definitions and from the inadequacy of the current theory of functions. 
It is impossible to state Euler’s principle accurately without clear ideas 
about functions of a complex variable and analytic continuation. 

(3) It is essential to remember that Euler was thinking of power 
series; as soon as we admit other kinds of development, all sorts of 
difficulties appear. Thus , 

(1—2x)-1 = 1+ 24-+-4a?+ 8273+... 


gives 14+244484+...= —1; 
and (1.2.1) gives (the complex) oo as the sum of 1+1+1+.... But 
2 2 4 8 
e2y-—] = w+1 ew tit wt (y > 0)T 
+ This is a corollary of — = site: 
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gives 1+2-+4+4+8+... = 0 
for y = 0, and 
f(s) = 1+ 2-8+3-8+... (8s > 1) 

gives 1+1+1+... = €(0) = —} 
for s = 0. On the other hand, 

a+ (Qa?—a) + (3x3 — 2a”) -+- (4at—323)-+... = 0 
and. a+ (3x2—2x)+ (Tat 3a7)-+ (1528—72x*)+... = 0 
for 0 < x < 1, and these give 
| 14+1+1+... = 0, 14+2+4+...=—0 
forx = 1. 

There are also difficulties, even for power series, with many-valued 

functions. It is natural to say that 


2418... = log(1+2) = log3, 
since log 3 is the value of log(1-+x) when # moves to 2 in the obvious 
way. But we might also argue that 


244484... = log(1—2)-1 = log(—1) = (2k+1)ni, 
and here wi and —7i seem equally natural values (though either has 
an air of paradox). 


The following example might have puzzled Euler. The series 
3( 2x )’ 53 2x )’ 
aaa +i) tealipaa) + 
is convergent for small and also for large x, but to different sums, viz. 
(L+2*)/(1—a*),  (#*-+1)/(z*—1) 
respectively. If x = 2i we obtain 
1 16 1.3(16); 
39 t2.4\9 
Which sign shall we choose ? 

(4) It is interesting in this connexion to look at a transformation of the 
geometric series which is due to Goldbach and which may be regarded as an 
eighteenth-century essay in ‘analytic continuation’. We have simplified and 
generalized Goldbach’s actual analysis. 

The idea is to transform 1—x-+2?—..., by formal multiplication by a series of 


the type 14A,—A,+4,—Agt+... = 1, 


into a series of negative powers of y = ax+b. We write A, = a, y—" and arrange 
the product as 


1 —... = +f. 


alee 


1 —2x ac? —3 
ay yt —ayyt—acy = ay eyttay cy — ot, r2y-1— a, wy? ... 
PS ogy t—agry® — gy? 01g 298y® 


as y* — as YF — Og ey® 
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If now we take a, = (b—a)"-\(a—y), then it will be foundf that C,, the sum of 
the nth column, is a(b—a)"—!y-", and we obtain 


1—a+2a22—a3+... = ay-1+a(b—a)y-*+a(b—a)*y3+..., 


which is the expansion required. The first series is convergent for |x| < 1, the 
second for |jaz+6| > |b—a|. If, for example, 6 > a > 0, then the second region 
includes the first. Since both series are convergent, and the transformation valid, 
for |x| < 1, the second series gives the continuation of the first. 


(5) Mathematics after Euler moved slowly but steadily towards the 
orthodoxy ultimately imposed on it by Cauchy, Abel, and their suc- 
cessors, and divergent series were gradually banished from analysis, to 
reappear only in quite modern times. They had always had their 
opponents, such as d’Alembert,{ Laplace,§ and (in his later days) 
Lagrange: after Cauchy, the opposition seemed definitely to have won. 

The analysts who used divergent series most, after Euler, were Fourier 
and Poisson (who was almost Cauchy’s contemporary). We shall see 
specimens of their work in Chs. II and XIII. The most impor- 
tant for us here is Poisson, since he so nearly formulated definition 
(2) of §1.3. Poisson, in effect, defines the sum of the trigonometrical 


ami 4a + > (a, cos n0-+6, sin nA) 
as the limit when 7 -> 1 of the associated power series 
349+ > (a, cos nO-+b, sin n6)r. 


Thus, speaking of the series (1.1.9), he says ‘cette série n’est ni con- 
vergente ni divergente|| et ce n’est qu’en la considérant ainsi que nous 
le faisons comme la limite d’une série convergente, qu’elle peut avoir 
une valeur déterminée. ... Nous admettrons avec Euler que les sommes 
de ces séries considérées en elles-méme n’ont pas de valeurs déterminées; 
mais nous ajouterons que chacune d’elles a une valeur unique et qu’on 
peut les employer dans 1’analyse, lorsqu’on les regarde comme les limites 
des séries convergentes, c’est & dire quand on suppose implicitement 
leurs termes successifs multipliés par les puissances d’une fraction infini- 
ment peu différente de l’unité.’ This is practically the ‘A’ definition, 
but we must not exaggerate the clarity of Poisson’s views. His ideas 


+ By induction from OC, = —20gy—omay "tony. 
$ ‘Pour moi j’avoue que tous les raisonnements et les calculs fondés sur des séries qui 
ne sont pas convergentes . . . me paraitront toujours trés suspects, méme quand les 


résultats de ces raisonnements s’accorderaient avec des vérités connues d’ailleurs.’ 
§ ‘Je mets encore au rang des illusions l’application que Leibniz et Dan. Bernoulli 
ont faite du calcul des probabilités . . . (to the summation of such series as 1—1+1—...).’ 
|| He means, of course, ‘properly divergent’ to 00 or —oo. 
4780 re) 
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about repeated limits are often by no means clear: thus he writes 
Fourier’s theorem as 


fla) = 5 j fle) dt+- [ [> cos mtt—x)} 70 dt, 


when, of course, he means 


7 0 7 

i | fijdi+ ] > | cos n(ti—x) f(t) dé. 

2a 7 
—7 1 —; 

1.7. A note on the British analysts of the early nineteenth century. 
We end this chapter with a few remarks about British work on these subjects 
during the years 1840-50, which has been analysed very carefully by Burkhardt 
in the article from which we have quoted. It was a long time before the writings 
of the great continental analysts were understood in England, and these British 
writings show a singular and often entertaining mixture of occasional shrewd- 
ness and fundamental incompetence. 

(1) The dominant school was that of the Cambridge ‘symbolists’, Woodhouse, 
Peacock, D. F. Gregory, and others. They represented what may be described 
as the ‘f(D)’ school of analysis. They started from ‘algebra’, and had something 
of the spirit, though nothing of the accuracy, of the modern abstract algebraists. 
They dealt in ‘general symbols’, on which operations were to be performed in 
accordance with certain laws: ‘the symbols are unlimited, both in value and in 
representation; the operations upon them, whatever they may be, are possible 
in all cases; ...’ But the foundations of their symbolism were both inelastic 
and inaccurate. They insisted on a parallelism between ‘arithmetical’ and ‘general’ 
algebra so rigid that, if it could be maintained, it would effectively destroy the 
generality; and they never seem to have realized fully that a formula true with 
one interpretation of its symbols is quite likely to be false with another. They 
were also very much at the mercy of catchwords like ‘what is true up to the 
limit ...’, and it is not surprising that their permanent contribution to analysis 
should have been negligible. 

Occasionally, however, they arrived at formulae which are still worth examining. 
Thus Gregory’s formulae 


(1.7.1) Edetn) — 0, (1.7.2) S(-1$etn) = 0, 
(1.7.3) > e+n)—ge—m)} = $e), 
1 


are true, or true with modifications, when interpreted properly, for interesting 
classes of functions. 

(2) There is one volume of the Transactions of the Cambridge Philosophical 
Society (vol. 8, published in 1849 and covering the period 1844-9) which contains 
@ very singular mixture of analytical papers and gives a particularly good picture 
of the British analysis of the time. It contains Stokes’s famous paper ‘On the 
critical values of the sums of periodic series’, in which ‘uniform convergence’ 
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appears first in print; papers by S. Earnshaw and J. R. Young which are little 
more than nonsense; and a long and interesting paper by de Morgan on divergent 
series, a remarkable mixture of acuteness and confusion. 

De Morgan, as Burkhardt recognizes, was no ‘blosser Algorithmiker’ like 
Peacock. He was a prolific and ingenious writer, both on logic and on mathe- 
matics; he invented the ‘logarithmic scale’ of convergence criteria; and his 
Differential and integral calculus, which is the best of the early English text-books 
on the calculus, contains much that is still interesting to read and difficult to find 
in any other book. In this paper he attempts a reasoned statement of his attitude 
to divergent series, ‘the only subject yet remaining, of an elementary character, 
on which serious schism exists among mathematicians as to absolute correctness 
or incorrectness of results’. He talks much excellent sense, but the habits of the 
time are too strong for him: logician though he is, he cannot, or will not, give 
definitions. 

‘The moderns’, he says, ‘seem to me to have made a similar confusion in regard 
to their rejection of divergent series; meaning sometimes that they cannot safely 
be used under existing ideas as to their meaning and origin, sometimes that the 
mere idea of anyone applying them at all, under any circumstances, is an absurdity. 
We must admit that many series are such as we cannot safely use, except as means 
of discovery, the results of which are to be subsequently verified. ... But to say 
that what we cannot use no others ever can . . . seems to me a departure from all 
rules of prudence. .. .’ Would analysis ever have developed as it has done if 
Euler and others had refused to use ,/(— 1)? 

He refuses to distinguish between different types of divergent series: if some 
are to be used, all must be. ‘I do not argue with those who reject everything 
that is not within the province of arithmetic, but only with those who abandon 
the use of infinitely divergent series and yet appear to employ finitely divergent 
series with confidence. Such appears to be the practice, both ‘at home and 
abroad. They seem perfectly reconciled to 1—1+1—... = 3, but cannot admit 
14+2+44+... = —1.’ It is very odd that it should never have occurred to him 
that there might be interpretations (for example, Poisson’s) which apply in the 
one case and not in the other. 

Later, when he recurs to this point, he is a little inconsistent. There are cases 
in which 1+2+44+... seems to represent —1, others in which it seems to repre- 
sent oo:f thus the limit of 


14+ 20+ 4e4+...42"7M4+..., 


as x->1, is 00 (a well-chosen example). This he can tolerate, but ‘let it come 
out anything but —1 or oo, and as a result of any process which does not involve 
integration performed on a divergent series ... and I shall then be obliged to admit 
that divergent series must be abandoned’.{ There is something in his view: — 1 is 
a root of z = 1-422, and there is a sense in which oo can be said to be one also, 
while 0 or 1 certainly cannot. We found 0 in (3) of § 1.6, but de Morgan would 
certainly have felt that the example was unfair, and would not have been 
altogether wrong. It is true that —1 and © are the only ‘natural’ sums. 
Similarly with 1—1+1 —...: it would be fatal if this came out to be anything 


+ See § 1.6 (3). 
t The emphasis on integration is odd, but de Morgan seems to have regarded integra- 
tion as an ‘essentially arithmetic’ process liable to destroy any more ‘symbolic’ reasoning. 
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other than 4. ‘The whole fabric of periodic series and integrals . . . would fall 
instantly if it were shown to be possible that 1—1-++1—... might be one quantity 
as a limiting form of A,—A,+A,—... and another as a limiting form of 
B,— B,+ B,—...’; and here there is some quite mistaken criticism of Poisson. 
De Morgan implies that to define > a, as lim ¥ a,x" is to assume that ‘what is 
true up to the limit is true at the limit’; whereas it is just this distinction which 
is seized upon by, and embodied in, the definition. 

He gives curious examples of paradoxes resulting from integration. Here and 
elsewhere he shows a good deal of formal ingenuity, but other paradoxes 
rest merely on confusion about many-valued functions. He forgets that the 
integral of 2—} is log|x|, not logz, when x is negative, and concludes that 


Qa 
f tanz dx = 2ri 
0 


and that ‘tan*z has —1 for its mean value’—a conclusion which he tries to 
reinforce on other grounds. There is also some discussion of the formulae 
(1.7.1)-(1.7.3), and of alternating asymptotic series of the Euler-Maclaurin type. 
‘When an alternating series is convergent, and a certain number of its terms are 
taken ... the first term neglected is a superior limit to the error of approxima- 
tion... .f This very useful property was observed to belong to large classes of 
alternating series, when finitely or even infinitely divergent: I do not remember 
that anyone has denied that it is universally true. .. .’ De Morgan shows by 
examples that it is not, but without making any substantial contribution to the 
subject. Indeed these supplementary discussions merely confirm the impression 
left by the earlier sections of the paper, of astonishment that so acute a reasoner 
should be able to say so much that is interesting and yet to miss the essential 
points so completely. 

(3) It is only fair to quote a few instances of British analysts who got nearer 
to actuality. F. W. Newman protested against the dogma ‘what is true .. .’ and 
pointed out that, in the case of the trigonometrical series 


cosx—+4cos 3x+4cos 5a—..., 


it is plainly false. His analysis is unsatisfactory, but he makes his point sub- 
stantially, and his paper is interesting because it led Wilbraham, a little later, 
to the discovery of what is now called the ‘Gibbs phenomenon’. Stokes, in his 
famous paper mentioned already, remarked that ‘of course we may employ a 
divergent series merely as an abbreviated way of expressing the limit of the sum 
of a convergent series’, and observed that it did not seem possible ‘to invent a 
series so rapidly divergent that it shall not be possible to find a convergent series 
which shall have, for the limits of its first n terms, the first n terms of the divergent 
series’.{ Finally, Homersham Cox, referring to the ‘equivalence’ of the symbolists, 
used language entirely modern in spirit: ‘it is said that the symbol “=” here 
designates symbolical equivalence. The truth of this assertion depends on the 
definition of this phrase, and without doubt many arbitrary definitions might be 
given, in accordance with which the binomial theorem might be considered to 
hold for divergent series.’ 


+ Of course this is not true without reservation. 
{ Consider X ¢(n)z&™, where ¢(7) — 00 rapidly. 
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NOTES ON CHAPTER I 


§ 1.1. Many writers, particularly in England, have used ‘divergent’ in narrower 
senses. Thus Bromwich, Hardy, and Hobson, in their text-books, call 5 a, diver- 
gent only when 8, —> © or 8, —> —0o, describing other non-convergent series as 
‘oscillatory’. In his first edition Hobson had called > a, divergent if |,| —> 00: 
thus 1—2+3—... was divergent. 

The narrower use of ‘divergent’ has its advantages in elementary teaching, but 
the wider use is almost necessary here. The ‘theory of divergent series’ is essen- 
tially a theory of oscillatory series, theorems about series which diverge ‘properly’ 
to oo or —oo being usually of the same type as those about convergent series. 
See, for example, § 3.6, and the remarks in Hobson, 2, 4. 

Cauchy’s Analyse algébrique (Paris, 1821) was the first standard treatise on 
analysis written in a genuinely modern spirit. A good deal of his work on the 
foundations is to be found, sometimes even in a sharper form, in a series of memoirs 
published by Bolzano in Prag in 1817. See Stolz, MA, 18 (1881), 255-79. 

§ 1.2. For justification of the results in (1)-(3), (5), and (6) see Appendix I. 
As regards (4), if 


a 


f(z) = f cosat x(t) dé, 
0 


where 0 <a < 1, x(t) is any integrable function, and —7 < 0 < 7, then 


a 


S (— 2 LD — [ | S (— aps Seertl eeyat = { (5) xa, 
1 1 0 


0 


which is #y72f(0)+462/"(0), in agreement with (1.2.24). Many other formulae of 
the same kind may be proved similarly. The limitations a < 1 and |6| < 7 are 
essential. 

For the Bernoullian and Eulerian numbers, and the Bernoullian functions, see 
Bromwich, 297 et seq., 370, and Chapter XIII. 

The series (1.2.18) seems to have first been summed by integration by Euler, 
Novi Commentarii Acad. Petropolitanae, 5 (1760), 203. [Opera (I), 14, 542-84. 
He gives another method in Opera (I), 15, 435-97.] 

§ 1.3. More detailed information about the early work of Bernoulli and others 
on divergent series will be found in Reiff, Geschichte der unendlichen Rethen 
(Tiibingen, 1889), in a paper by Burkhardt in MA, 70 (1911), 169-206, and in 
Burkhardt’s article ‘Trigonometrische Reihen und Integrale’ in the Enzykl. d. 
Math. Wiss. (11412). Reiff’s book is useful but uninspirmg and not always 
accurate. Burkhardt’s writings are much more interesting, and contain a mass 
of curious information difficult to find elsewhere. The historical discussions here 
and in §§ 1.6—7 are based mainly on these sources. 

Hutton, Tracts on math. and philosophical subjects (London, 1812), gave what 
is in effect the following definition of the limit of a divergent sequence (8,). Define 
s for k = 1, 2,... by 


a(t oe Zak DY + pe'k—-Y (n > 0), 


with s® =0 (k>0), 8% =s8, (n > 0). 
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Thus s! and 8?) are 
380, 389+ 381, 381+ B8 2900-5 B8n_1 tT 38ps-00s 
$89, 389+ 481, $89+ 481 +4800) £8n_2thopitdsn- 
Then 8, 8 (Hu,k) means 5!) _» s, 
It is easily verified that 
I1—1+1—-... = 4 (Hu, 1), 1—2+43~—... = } (Hu, 2); 
and we can show, from the general theorems of Ch. III, or those about Nérlund 
means in Ch. IV, that any series summable (Hu,k) is summable, to the same 
sum, by the corresponding Cesaro mean. 

For examples of the use of Euler’s transformation in numerical computation 
see Bromwich, 62-6. 

§ 1.4. For Cauchy’s theorem see Hardy, 167, or Bromwich, 414. It is a case 
of Theorem 44. Abel’s theorem is included, for example, in Theorems 27 and 55. 

§ 1.5. For (1.5.10) and (1.5.11) see Appendix I, § 4, where some errors in a 
paper in TCPS, 21 (1908), 1-48, are rectified. 

§ 1.6. The first criterion for convergence formulated explicitly seems to have 
been Leibniz’s familiar criterion for the convergence of an alternating series 
@)—a,+a,—... with positive decreasing a,. 

(3) The series (1.6.4) converges in two regions bounded by the circles 
u®+(vt1)? = 2, where u+7iv = 2, the lune inside both and the infinite region 
outside both; and diverges in the two remaining lunes. The point 27 is in the 
upper of these last two lunes. The series represents a single two-valued function of 
z= 2x/(1+2?), but two different one-valued functions of x. 

(4) For Goldbach’s actual statement of the transformation see M. Cantor, 
Vorlesungen tiber Geschichte der Math., 3, ed. 2 (Leipzig, 1901), 641. The account 
in Reiff, 89, is incorrect. 

§1.7(1). A reader acquainted with the elements of the theory of Fourier series 
will easily verify the truth of (1.7.1)-(1.7.3) for ¢(z) defined by appropriate trigo- 
nometrical integrals. 

(2) Burkhardt analyses the papers of Earnshaw and Young with more care 
than they deserve. He also says a good deal about minor German work of the 
same period, but this is on the whole less interesting. 

(3) The papers of Newman, Wilbraham, and Homersham Cox appeared in the 
Cambridge and Dublin Math. Journal, 3 (1848), 108 and 198, and 7 (1852), 98. 
F. W. Newman, Professor of Mathematics in University College, London, was a 
brother of Cardinal J. H. Newman. 
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SOME HISTORICAL EXAMPLES 


2.1. Introduction. In this chapter we give the examples of the 
work of Euler and others which were promised in § 1.6, starting in each 
_case from a passage in the original writings of the analyst in question. 
The subject-matter of these passages is still important, so that they 
have more than an historical interest; and we shall therefore analyse 
them in some detail, and add the explanations needed to show their 
connexion with more modern work. 


A. Euler and the functional equation of Riemann’s zeta-function 


2.2. The functional equations for €(s), 7(s), and L(s). The 
Riemann ¢-function f(s), defined by the series 


(2.2.1) C(s) = 1-§42-8+3-8+... 

when s = o+itandoa > 1, is a one-valued analytic function of s, regular 
all over the plane except for a simple pole at s = 1. It satisfies the 
functional equation 


(2.2.2) C(1—s) = 2(27)-*cos $sx I'(s) f(s). 
Near s = 1, 
(2.2.3) Us) = s+yt- 


where y is Euler’s constant. 

The functions 7(s) and L(s), defined for o > 0 by 
(2.2.4) (s) = 1-°—2-*+4+3-8—..., (2.2.5) L(s) = 1-*§—3-*+5-—...,, 
are integral functions of s; (s) = (1—21-*)¢(s), but L(s) is an inde- 
pendent transcendent. They satisfy 
(2.2.6) (28-1— 1)n(1—s) = —(28—1)2-* cos $sz T'(s)n(s), 

(2.2.7) L(1—s) = 282-8 sin ds T'(s)L(s). 

These results have usually been attributed to Riemann, Malmstén, 
and Schlémilch. It was comparatively recently that it was observed, 
first by Cahen and then by Landau, that both (2.2.6), which is equiva- 
lent to (2.2.2), and (2.2.7) stand in a paper of Euler’s written in 1749, 
over 100 years before Riemann. Euler does not consider complex values 
of s, and does not profess to have proved the equations even for real s. 
He states them, and verifies them in such a number of cases as ‘ne plus 
laisser aucun doute sur la vérité de notre conjecture’. Incidentally his 
verifications throw much light on his views about divergent series. 
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2.3. Euler’s verification. Euler states (2.2.6) in the form 
1—28-14 392... (8—1)!(2*—1) 
1043-865 (28-1 1)z8 
and proceeds to verify this equation (a) for all integral s and (b) for 
s = ands = 3. It will be observed that s = } is the only one of these 


values of s for which both series are convergent. 
He needs the formulae 


(2.3.1) cos $87, 


g2k—-1__ 
(2.3.2) 1—2-2%4 3-2 __ |, = Ba 1 kB, 
(2.3.3) es ee ee Ye 
(2.3.4) 124.3%. — 0 (A), 
(2.3.5) 1214 gma (a yet2™=—1 B (ay, 


2k 


Here k is a positive integer. Of these formulae (2.3.2) is familiar, and 
the others, apart from the (A), are (1.2.7), (1.2.12), and (1.2.13). 

It is important to observe that, here at any rate, Euler is quite 
explicit about his use of divergent series: the series are to be summed 
by the A definition of §1.3(2). It is easy to verify their truth in this 
sense. For from 


(2.3.6) e-¥—e- 4 e-3u__.,, = (e¥+1)-! (y > 0) 
it follows that 
(2.3.7) 1™e-V— 2me—2y 4 Jme-sy_—_., = a ay 
vi 
for m = 0, 1, 2,..... Now 
1 a = 
os —} tanh gy = 3— > (—1) = ar Bey : 


so that the limit of (2.3.7) is 


4 (m=0), 0 (m= 2k > 0), (1? =U (m = 2k—1 > 0). 


It follows that the series (2.3.6) and (2.3.7) have the limits required 
when y>0Oorxz =e-¥>1. 

This proves (2.3.3)-(2.3.5), and also shows that the series are sum- 
mable (€) to the same sum: Euler might equally well have used this 
definition. We can naturally prove the truth of (1.2.8)—(1.2.11), 
(1.2.14), and (1.2.16), in the same senses, in the same way. 
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From (2.3.4) n(1—s) = 0 (s = 3,5,7,...)5 
and from (2.3.2) and (2.3.5) 
a—s) _ (=1I)EMe-MI2—-Y go 4 g....). 


n(s) (28-1 — 1) a8 
If we observe that cos 487 is 0 when.s is odd and (— 1)# when s is even, 
then these two formulae verify (2.3.1) for s = 2, 3, 4, 5,.... 
Secondly, if we take s = 1, and interpret cos $sm/(2*-1— 1), fors = 1, 


as its limit when s > 1, i.e. as —7/(2log 2), then (2.3.1) becomes 
as a ae | 
1—}+}—... 2log2’ 
in agreement with (2.3.3). 
Thirdly, if we write (s—1)!(2*—1) = s!(2*—1)/s, and interpret this 
as 1.log 2 for s = 0, then (2.3.1), for s = 0, becomes 
1—4+i—- _ alog2, 
1—1+41—... 
again in agreement with (2.3.3). | 
Fourthly, replacing (s—1)! by I'(s), and using 
te ee 
2T'(1—s) cos $(1—s)z’ 
we find that the truth of (2.3.1) for general s > 1 implies its truth for 
s <0. We may then regard the formula as verified for all integral s. 
Fifthly, if s = 4, and we interpret (—4)! as I'(3), then 


_(s—1)!(2°—]) _ TQ) _ 
(28-1 1) (2-*—1)vVarv2 0” 


so that (2.3.1) is true for s = 4. This completes Euler’s programme 
except for the value s = $. For this he has only a numerical verifica- 
tion. He sums the divergent series with the help of the Euler-Maclaurin 
sum formula, and finds the value -380129.... This gives -496774 for 
the value of the left-hand side of (2.3.1), in agreement with the right to 
5 figures. ‘Notre conjecture est portée au plus haut degré de certitude, 
qu’il ne reste plus méme aucun doute sur les cas ot |’on met pour 
Vexposant s des fractions.’ 


I'(s) cos $80 = 


cos $87 = 


As Landau remarks, Euler’s computation of 1—V2+~3—... may easily be 
transformed into a rigorous determination of its Abel sum. It is worth observing 
that the sum may also be calculated by Euler’s transformation of § 1.3(4). In 
this case a, = (—1)"/(n+1) and, calculating the successive differences of ./(n + 1), 
we find 


b, = 1, bj = —4142, by = —-0964, b, = —-0465, b, = —-0285, b, = —-0197, 
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so that Euler’s series is 
1 -4142 -0964 -0465 -0285 -0197 


2° 4 8 160©«©632 COA 
which is -380 to 3 figures. Our calculation is of course much rougher than Euler’s. 


Kuler does not discuss (2.2.7) in the same detail, but implies that 
he has made similar verifications. He ends by remarking that ‘cette 
derniére conjecture renferme une expression plus simple que la pré- 
cédente; donc, puisqu’elle est également certaine, il y a.A espérer qu’on 
travaillera avec plus de succés & en chercher une démonstration par- 
faite, qui ne manquera pas de répandre beaucoup de lumiére sur 
quantité d’autres recherches de cette nature’. 


B. Euler and the series 1—1!x2+2!2?—... 
2.4. Summation of the series. The series 
(2.4.1) f(a) = 1-144 2!a2—3! a3 ..., 
which reduces to (1.1.4) for x = 1, is not convergent for any x except 
x = 0, or summable by any of the methods of §1.3. For example, when 
x = 1, the series (1.3.5) diverges almost as rapidly as the original series. 
Kuler, however, succeeded in summing the series as follows. If we 
suppose z positive and write, formally, 
d(x) = xf(x) = x—1!2?-+2!23—..., 
then term-by-term differentiation gives . 
(2.4.2) 2°6’(x) +(x) = x2(1!—2!a+3!a?—...)+a—lMaPt... = 2. 
This differential equation has the integrating factor x-*e-"*, and 
: 
e-lt . 
(2.4.3) (x) = ellz | —- at 
0 


is a solution which vanishes with x.} 
If we make the substitution ¢ = x/(1+-xw), we obtain 


(2.4.4) f(z) = _ = sS dw; 


and it is natural to attribute this sum to the series (2.4.1), the more so 
because we come back to the series by expanding (1+-zw)-1 in powers 
of xw and integrating formally term by term. 


{ It is easily verified by partial integration that ¢(~) = O(x) for small z. 
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Since x > 0, we have also, from (2.4.3), 


co 


zx 
_ 1a eM Ve 1 Ot at ieee 
(2.4.5) f(x) = « “| = =e = ie =e li(e-¥), 


0 1/z 


where liv, the ‘logarithm-integral’ of v, is defined for 0 < v < 1 by 


ie) 22 awa 
logé u 
0 log(1/v) 
Then 
° —u re —u * 1 —u * d ‘4 —u 
—tiew) = [ Sdu= [au | dis {S+] edu 
u u u u u 
y i 0 i 0 
eee Se 
eyed Fo ha at 
and it follows from (2.4.5) that 
1 1 1 
4, =: —ellz an = 
(2.4.6) fe) = —Levlog +52), 
where 
2.4.7) S(y) = —yev aes 
oa: ema v5 -Fat-] 


is an integral function of y. These equations give the analytic continua- 
tion of f(x) all over the plane. It is a many-valued function with an 
infinity of branches differing by integral multiples of 27ix—e4*, and has 
one branch which tends to 1 when 2 > 0 through positive values. 

If we take z = 1, we obtain the equation 

1 1 

4, —1!+4+2!—3!+... = —ely—14—={ —.— 
(2.4.8) 1—1!4+2!—3!4 e(y Le rat}: 

2.5. The asymptotic nature of the series. If 2 = re‘®, where 
—7 <0 <7, then 
(2.5.1) f(x) = | dw = [eet +(—12r0" dw-++ 

0 


0 


ew 


foe) 


+(—1psteee | i 
0 


a dw = 1—1!x4-+42!a7—...4+(—1)"n! 2"-+ BR, (2), 
say. Now |1+2w| = (1+2rwcosé+r?w?) has the minimum 1 if 
cos? > 0, and the minimum |sin6| if cos? < 0. Hence |R,(x)| does 
not exceed (n-+1)!r"+1if |0| < 47, or (n+1)!r"+1\cosec 6| if da < 0 < a, 
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and is O(r"+1) uniformly in the angle —7-+65 < 6 < m—8, for any 
positive 5. In particular 


(2.5.2) f(z) = 1—Ma+2!a?—...+(—1)"n! 2+ O(a") 
for small positive x and given n. 

A series Ag +a, x+A,x?-+... 
is said to be an asymptotic series for f(x), near x = 0, if 
(2.5.3) f(x) = ag +a,x+...+a, 2+ O(a"+) 


for each n and small x. We are interested here primarily in positive 2, 
but the definition applies to complex x also; thus (2.4.1) is an asymp- 
totic series for our f(x) in any angle —7+8 < 6 < w—5, i.e. in any 
angle issuing from the origin and omitting the negative real axis. There 
is therefore one sense at any rate in which the series ‘represents’ f(z). 


The definition of an asymptotic series is interesting only when the series is 
divergent. If f(z) is regular at the origin, then its Taylor’s series } a,2" is 
convergent for small x and satisfies (2.5.3); but in this case there is no novelty 
in the idea. Divergent asymptotic series occur in the works of most of the older 
analysts, but the first mathematicians to make a systematic study of them were 
Poincaré and Stieltjes, and the first general theory is contained in a famous 
memoir of Poincaré on differential equations. 

There will usually be an infinity of different functions represented asymptoti- 
cally by the same series > a,2". Thus if g(x) = e~4/*, where a is positive, then 
x-"-lo(7)—> 0 for every n, uniformly in any angle —}7+8 < 6 < }a7—8 (and in 
particular for positive x); so that, for example, the series (2.4.1) gives an asymp- 
totic representation of each of the functions f(x)+ Cg(x). To say that a series is 
an asymptotic series for f(x) is not to ‘define its sum’ in the sense of § 1.3. There 
are ‘uniqueness theorems’ for asymptotic series, due to Watson, F. Nevanlinna, 
and Carleman; but these depend upon the knowledge of exact bounds for the 
error terms such as the R,(x) of (2.5.1), valid for all » and all x of an appro- 
priate region. 

We shall often use the phrase ‘asymptotic series’ in a slightly extended sense, 
saying that > a, 2"+« is an asymptotic series for f(x) if } a, 2" is an asymptotic 
series for x~*f(x), and we shall sometimes express this by writing 


(2.5.4) f(a) ~ X ayx™*, 


2.6. Numerical computations. Euler calculated a numerical 
value for the sum of (1.1.4) in various ways. First, we may use (2.4.8). 
Secondly, we may use (2.4.5), calculating the integral, for 7 = 1, by 
numerical quadrature. These methods give 


(2.6.1) g = 1—1!42!—3I+... = -5963.... 


There is a more remarkable, though less precise calculation (also due 
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to Euler) in Lacroix’s treatise. Lacroix writes S for l1—s = 1!—2!-+..., 
and transforms S as in § 1.3(4), obtaining 


S= 3-2+8-B+H-Vt+..., 
a series which diverges a little less rapidly than the original series. He 
then writes S = 4—i+ 8’, and a repetition of the transformation on 
S’ gives 
, 8 5 21 99 615 
~ gi 38 T pe — Qu Foi — 
Finally, he writes S’ = 3.2-4—5.2-&+ 8”, and a third transformation 
on S” gives 
» 21 15 159 429 5241 
~ ge — gi T's — gas TF gar — 
Eight terms of this series lead to the values -4008 and -5992 for S and 
s, correct to two figures. It seems at first very remarkable that we 
should get so good a result, since all of the series used are divergent 
(and in the end nearly as rapidly as s). We shall see later (p. 196) why 
the method should be so successful. 


C. Fourier and Fourier’s theorem 


2.7. Fourier’s theorem. By ‘Fourier’s theorem’ we mean here the 
theorem that, if f(z) belongs to an appropriate class of functions, and 
is ‘representable’ by a trigonometrical series 


(2.7.1) 4ag+ 5 (a, cosnz-+6, sin nz), 
1 


in the sense that the series converges to f(x) in the open interval (—7, 7), 
then 


(2.7.2) @, = s | Fereosne dz, 6, = Z | fee)sin ne dz. 
Tv WT 


Thus the theorem asserts that, if a trigonometrical series converges to 
f(a) for —1t <x <7, then it is necessarily the ‘Fourier series’ of f(x). 

The formulae (2.7.2) are older than Fourier. Thus Burkhardt, in his 
article in the Hnzyklopddie, traces the formula for a, back to Clairaut 
(1757). They were familiar to Euler, who gave the ordinary deduction 
of them, by term-by-term integration, in 1777. 

It is to be observed that ‘Fourier’s theorem’, as we have stated it, 
is a ‘uniqueness’ theorem, and is true or false according to the class of 
functions considered and the sense of ‘representation’. Thus it is true, 
after du Bois-Reymond and de la Vallée-Poussin, when f(z) is finite 
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and integrable and representation implies ordinary convergence. If we 
assume only that the series is summable by one of the standard methods 
of the theory of divergent series, then the theorem may be false, even 
when f(x) is always 0. Thus 


sinz+2 sin 27+-3sin 3x... 


is summable (A) to 0 for all x, but is obviously not the Fourier series 
of 0. In any case the theorem is a sophisticated one, which it would 
have been quite impossible for Fourier to prove strictly: the simplest 
case of it, in which f(x) is 0 and representation implies convergence, 
was first proved by Cantor in 1870. 

There is a remarkable passage in Fourier’s Théorie de la chaleur in 
which he attempts to prove a special case of the theorem. Let us 
suppose that f(x) is an odd analytic function regular for |x| < 7, so that 


2k +1)( 
(2.7.3) fz) = > eu pees 


for |x| < 7; and that 
(2.7.4) f(z) = > b,, sin nx 


for —7 <x <7, the series being convergent in the classical sense.t 
These are in effect Fourier’s assumptions; and his object is to prove 
that b,, is given by the second formula (2.7.2). 


2.8. Fourier’s first formula for the coefficients. The ‘natural’ 
method for the proof of (2.7.2) is that of term-by-term integration, 
which had already been followed by Euler, and would have led Fourier 
at once to a proof satisfactory according to the canons of the time. 
Fourier, who does not seem to have known Euler’s work, follows a quite 
different and very surprising course (though he refers to the proof by 
integration later). He replaces every sine in (2.7.4) by its Taylor’s 
series, and equates the coefficients of powers of x to those in (2.7.3). 
He thus obtains an infinite system of linear equations 


(2.8.1) by 224+1b, 4 32H... == (—1)PfOR4H(0) (hk = 0,1, 2,...) 
in an infinity of unknowns. It will be observed that all these series 


are divergent even in the simplest cases: thus f(z) = x has the Fourier 
series 


(2.8.2) 2(sinz—4 sin 2x+4sin 3x—...), 


¢ Its sum for x = —ror mis naturally not f(x) but ${f(—7)+f(7)} = 9. 
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and in this case they reduce to 
1—1+1—... = 3, 1—2224 3%... = 0 (A = 1,2,...). 


We know that these equations are actually true with appropriate 
definitions, for example, the A definition. But the fact that they are 
divergent, and that (as we saw in § 2.7) a slight intrusion of divergent 
series will make ‘Fourier’s theorem’ false, will give an idea of the diffi- 
culties in Fourier’s way. Judged by modern standards, he was setting 
himself a hopeless task. 

None the less, Fourier’s argument is more than an historical curiosity 
and is still well worth study. Considerable sections of it are correct, 
or easily restatable so as to become so; it contains ideas important for 
other purposes; and there are by-products which may still suggest 
interesting problems. 

Let us write (2.8.1) as 


(2.8.3) b,-+ 24-154 3%-1h, 4 = A, (h = 1,2....). 


Then Fourier’s leading idea is to suppress all but the first r equations 
and all but the first r unknowns, thus obtaining a finite system 


(2.8.4) yb, = Ay (b= 12,00), 
n= 


to calculate the corresponding values 6,,, of the b,, and to investigate 
the limit of 6,, when roo. This is now the dominant idea in the 
theory of the solution of an infinite system of linear equations, and it 
is in Fourier’s work that it appears first. 

Fourier, however, does not do exactly this. He varies the A, as well 
as the 6,, replacing (2.8.4) by 


(2.8.5) JH AS (h = 1,2,...,7). 


We call this the system (r). Fourier’s idea is that we can, by an 
appropriate choice of the A,,, secure both that A,,-> A, and that 
the 6,,,, tend to limits 6,,. 

He tries to showf that if we choose the A,,, so that 


A 
(2.8.6) Ay, = Ai,—=3, 
A A 
(2.8.7) 1,2 —_— Ai3— 3B Ags =—_— Ags— 3": 


t This part of Fourier’s argument is restated in a more accurate form by Darboux in 
a footnote to p. 191 of the reprint of Fourier’s works. 
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and generally 


A 
(2.8.8) Any = Ana Gripe (h a l, Diss, r), 
then we shall have 
] 

(2.8.9) bak bral —3) 

2.8.10 ae ae eee bt 
(2.8.10) 12 — 71,3\° — 33)? 2,2 = 92,8)" — 33]? 
and generally 

n? 
(2.8.11) On» = nena (n = 1, y Pee r). 
It will follow that, if the A, satisfy (2.8.8), then b,,.—> 6,, where 
(2.8.12) 7 cee | ee b 
~ 7 (at wml 7 rr Sete 


when r>co. We have then to calculate 6, ,, bg.,... in terms of the A, 
(which are ex hypothesi the limits of the A,,,). 

Now 6,, = A,,, by the first of (2.8.5). We express this first in terms 
of A,., Ao», by (2.8.6), next in terms of A, 3, Ags, Ag3, by (2.8.7), and 
soon. We find that 

A, az re oo Ars~ sale + 55) oa 

1 1 1 1 1 1 A 

= Asa Aaa + atzl +4ad grat gt gemi = 553048 = very 
and in the limit 
(2.8.13) 6, = Ay = A, Pj—4A, P+ 43 %i—- 
where 
(2.8.14) ARi=1, Ri= Dm, By = ym *m;"...., 
and the summations are extended over unequal values of m,, mg,... 
other than 1. This and (2.8.12) give b, in terms of the Aj. 

We can calculate 5,4, b33,..., and so bg, 63,..., similarly. We express 
bo in terms of A,>, Ay, from the system (2), then in terms of A,3, 
A, 3, Ass from (2.8.7), and so on. Thus we obtain b,; and we may 
obtain b, similarly by starting from the system (nm). The results may 
be written 


] 1 
(2.8.15) b,(1—3\(1-5)-~ 5 PAP APS, 


2 
(2.8.16) ny, T] ( —*,) a A, Pun —A2 Pan tAs Pan 


mEnN 
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where 
(2.8.17) B,=1, Aa = > m;*, P3n = > mz *m; 4... 


and the summations are now extended over unequal m,, mz,... other 
than n. These equations may be simplified because 


[1 (t-8)-se(e-2)]-or 


Zn 
mEN 


Thus (2.8.16) becomes 
(2.8.18) (—1)"-4jnb, = Ay Pyn—Ae Pan tAs Pan 
It is easy to find F,,, for all h and n. If we write 


2 
TI (1 -5) - sine — P—P,2+P,24— 


MZ 


then P,,, = 72"/(2h+1)!, and the identity 
2 
( — SF) Pin Pan + Pan A—...) = R—-Pe+Pt— 


gives the P,,, in terms of the P,. Finally, making these calculations 
and substituting in (2.8.18), we obtain 


(2.8.19) (—1)"-4nb, =4,+(5-3 74 +a aaa git get 


n® 3! 
This completes the first and most complex stage of Fourier’s argument. 
Thus if f(z) = x, A, = 1, A, = A, = ... = 0, we obtain 4nb, = (—1)""1 
and 


x = 2(sina—4sin 27-+-4sin 3z—...). 


2.9. Other forms of the coefficients and the series. If we 
remember that A, = (—1)*-1f@"-)(0), so that 


7 F a) 
f(z) = 7A, — sz Aat..-s f (77) — —TA, + gy As—-- See, 
and rearrange (2.8.19) in powers of n-?, we find that 


(2.9.1) b, = (It =the ee co) __.| 

Substituting this series for b,, in > 6, sin nx, and rearranging the result- 
ing double series by associating together the terms in f(z), f"(7),..., we 
obtain 


(2.9.2) Inflc) = 2G 1)Af%(n)( sine — Sor + Sat ~~) 


Each of these formulae is interesting in .itself, and valid under fairly 


wide conditions. 
4780 D 
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We shall have more to say about (2.9.2) in Ch. XIII. Here we are 
concerned with Fourier’s further transformations of (2.9.1). He observes 


that ” we 
x(x) = f(x)—n-?f"(x) + n-4f" (x) — 
satisfies the differential equation 


n-2y"(ae) +x) = fla), 


whose general solution is 


zx x 
x(x) = Ccosnx+ Dsin nx+-n sin nx J (cos nt dt —n cos nx i} J (t)sin nt dt. 
0 é 


Since f is odd, x is odd and C = x(0) = 0. Hence, putting x = 7, and 
using (2.9.1), we obtain 


b, = (—1ye x(7) = i f(dsin nt dt, 
i) 


which is the second formula (2.7.2). Thus at last Fourier has arrived 
at the ordinary formula for the coefficients. 


2.10. The validity of Fourier’s formulae. It would no doubt be 
possible to determine conditions on f(x) sufficient to justify all Fourier’s 
elaborate transformations, but a very careful analysis of his argu- 
ment would be required. Here we shall consider two questions only: 
(a) whether (2.9.1) is in fact a correct formula for b,,, and (b) whether 
the b, actually satisfy (2.8.1). The second question naturally pre- 
supposes some definition of the sums of the divergent series involved. 

(1) First, if f(x) is odd and regular along the ae —am<ux<nrof 
the real axis,t we have, since f(0) = f’(0) = 


dnb, = | fesinna dx = (—1)"- Be ss 


by repeated partial integration. Since the ai term in the bracket 
is O(n-"-2) for large n, we see that the series (2.9.1) is an asymptotic 
series for b,,. 

Next, if [fe(a)|< CK (h=0, l.,...) 
for some C and K, then the series is convergent for n > K. In particular 
this will be true if f(z) is an integral function of order 1 and finite type, 


+ This is, of course, a more general hypothesis than Fourier’s: he assumes that the 
Taylor’s series of f(x) is convergent for |x| < 7. 
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ie. if | f(x)| < De“ for some D and L. If L <1, in which case also 
K <1, then the series is convergent for n > 1. In these circumstances 
(2.9.1) is true in the ordinary sense. 

We can also prove that the series is summable, under wider condi- 
tions, in various senses, but this demands some knowledge of the 
definitions of the sum of a divergent series associated with the name 
of Borel. 

(2) We shall now prove that the equations (2.8.1) are correct if the 
divergent series which they contain are summed by the A method of 
§ 1.3(2). We again suppose only that f(x) is odd and regular on the stretch 
—a <x2<77 of the real axis. | 

Since f(x) is regular for —7 < x < 7, we have 


b, = zl | f(xje™™ dx = Ea) i f(xye"** dx, 
a) mi J 
—T Cy 


where C, is a curve from —z to 7 a little above the real axis. Hence 


giz—8 


] . ] 
Edy = + | fle) Dente nde = — [ 10) Gat 
Cy Cy 


for any positive 5. Differentiating 2-1 times with respect to 4, and 
then replacing the derivative under the integral sign by the correspond- 
ing derivative with respect to x, we obtain 
a : (—1)*-1 q\2h+1 etx 
>n Hh e i ee I(x) ae [_ein-8 Le 
C1 


When 8 -> 0, the right-hand side tends to 
= | d\*h41 eit _ ota qd \2h+1 
T f(z) dz 1—et# dx = Ori f(x) zs cot $x dx. 
C1 Ci 


Since f(a) is odd, this is half the same integral round C’, a complete 
circuit round the origin in the negative direction; and this, by partial 
integration, is 
(-1)44 
Qt 


[ Fo%P ph cot be de = (—1'fo™0(0), 
Cc 


which is accordingly the A sum of > nh+1h . Actually the series are 
summable by ‘Cesaro’ methods, > n?*+1b,, being summable (C, 2h+-1); 
but the A method is the simplest which will sum all of them. 


1 See § 5.4. 
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D. Heaviside’s exponential series 


2.11. Heaviside on divergent series. Our last example is one of 
a different kind, since it comes from quite modern times and from the 
work of a man who was not a professional mathematician. 

Heaviside, in the second volume of his Electromagnetic theory 
(London, 1899), has a long chapter on divergent series. He is plainly 
not aware that, at the time when this volume was published, a scientific 
theory of divergent series already existed;} and his work is always 
unsystematic and often obscure. He does not attempt to develop any- 
thing which can be called a ‘theory’ of divergent series, his attitude 
towards them being, at bottom, that of Euler 150 years before: indeed 
Euler had the clearer ideas. But Heaviside, whatever his merits as a 
mathematician, was a man of much talent and originality, and what he 
says (if often irritating to a mathematician) is always interesting. 


It may be advisable to substantiate these assertions by quotations from 
Heaviside’s writings. 

‘I must say a few words on the subject of generalized differentiation and 
divergent series. ... It is not easy to get up any enthusiasm after it has been 
artificially cooled by the wet blankets of rigorists. ... I have been informed that 
I have been the means of stimulating some interest in the subject. Perhaps not 
in England to any extent worth speaking of, but certainly in Paris it is a fact 
that a big prize has been offered lately on the subject of the part played by 
divergent series in analysis.... I hope the prize-winner will have something 
substantial to say... . 

‘In O.P.M.{ I have stated the growth of my views about divergent series up 
to that time. ... I have avoided defining the meaning of equivalence. The 
definitions will make themselves in time. ... My first notion of a series was that 
to have a finite value it must be convergent. ... A divergent series also, of 
course, has an infinite value. Solutions of physical problems must always be in 
finite terms or convergent series, otherwise nonsense is made... . 

‘Then came a partial removal of ignorant blindness. In some physical problems 
divergent series are actually used, notably by Stokes, referring to the divergent 
formula for the oscillating function J,(x). He showed that the error was less than 
the last term included. Now here the terms are alternately positive and negative. 
This seems to give a clue... . 

‘There are certainly three kinds of equivalence. ...§ Equivalence does not mean 
identity. ... But the numerical meaning of divergent series still remains obscure. 


+ Borel’s memoirs on divergent series were published during the years 1895-9, his 
book in 1901. Poincaré’s theory of asymptotic series dated from 1886. 

~ ‘On Operators in Physical Mathematics’: a series of three papers presented to the 
Royal Society during 1892-4 but never printed in full. 

§ Numerical, analytical, algebraical. Heaviside means, of course, that 

» I+et+e2+... = (l—2)7 

may mean (a) that 1+2-+27-+... converges to (1—2x)~1, (6) that it is a ‘representation’ 
of the function (1—2)~, (c) that it is the result of the algebraical process of ‘long division’ 
of 1 by 1—z. Euler would have said the same. 
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. .. There will have to be a theory of divergent series, or say a larger theory of 
functions than the present, including convergent and divergent series in one 
harmonious whole... .’ (Electromagnetic theory, 2, 434-50.) 

The ‘rigorists’ whom Heaviside disliked so much had provided what he asked 
for, even at the time when he wrote. 

2.12. The generalized exponential series. There is one particular 
series which Heaviside uses freely, and which he seems to have been 
the first to use, though it is a special case of one stated many years 
before by Riemann. This is the series 


(2.12.1) S = S(2,0)= > reer’ 


where x > 0, c is real, and the coefficient is to be taken as 0 if c is an 
integer n and r > n: in this case S reduces to the ordinary exponential 
series. Otherwise S is divergent for all x; but, since it reproduces itself 
when differentiated formally, it is natural to suppose that it should 
have the sum e”, in some sense, for all c. 

We suppose that c is non-integral, R integral, and R >c. Then it 
is easily verified by partial integration, or by differentiation of the 
result, that 


I gc-Rin 


—4c—R-1 — J]—e-z 
rem | a as cere 4, Te—Rfn Fi) 
Hence 
ge-R+n 


R et 
aes O le ; Pa Merl) 2 T(e—R+nf1) 


=e 7Gag | d= 4 Om 
zx 


say. The sign of Qp is that of —I'(c— R), and 
l pss me eck 
eer remy | = PERF 
The signs of the terms in S with r >c alternate in sign. If, for 
example, up, the last term in Sp, is positive, then I'(c—R) < 0, 
0 < Op < Up, and e* < Sp < e?+up. If up is negative, then 
e+Up < Sp < e&. 
Thus the series S represents e* asymptotically in a sense analogous to 
that of § 2.5; its terms, from a certain point on, alternate in sign; and the 
error involved in stopping at any term is of the same sign as, and 
numerically less than, the last term retained. 
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2.13. The series > 4”(x). Heaviside’s series is a special case of the 
series 


(2.13.1) S = Sx) = 3 g(a), 


where ¢(x), the rth generalized derivative of ¢(x), is defined for 
r= —s <0 by 
8 Zz 


(2.13.2) f-%x) = o,(«) = ( | a $(t) = a | (w—t)-19(t) dt, 


0 
and for r = —s-N as the Nth differential coefficient of ¢,(x). If $(x) 
is a multiple of 2°, and c > —1, then (2.13.1) reduces to (2.12.1). 
If 
(2.13.3) s= ( Sy )o(a) = M+ ge, 
r<o 2 
say, then 


S i¢ . 
2. 3.4 SM = SR a ee __f)\s—1 d as x~t d 
8>0 (s—1)! | . y e(t) : J . a(t) t 


for any integrable ¢. 
Let us assume for simplicity that ¢(¢) is indefinitely differentiable 
throughout any finite interval of positive ¢, and that 


fee) 

i eth(t) dt 

i 
is convergent for r == 0, 1,..., in which case e“g(t) -> 0, when ¢ -> 00, for 
r= 0, l,.... Then 


J e“e@ at— f etpireD(t) dt =e F g(a), 


by partial integration; and so 
S® = s f(x) = a| J ep(t) dt— | e*g(R+D(t) at} 
r=0 : 


Combining this with (2.13.4), we find 


R co co 
(2.13.5) Sp= ¥ d(x) =e ed(t) di—et | eg R(t) dt. 
Bee 0 x 


If now |d2+2(2)| < xp4y(x), and xz+1(%) > 0, for every R, when x > co, 
then (2.13.5) gives 


Sp = & [ cSt) dt+ Ofynss(e)} = Ae? + Ofxnsale)} 
0 
and in this sense S is an asymptotic series for Ae*. 
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2.14. The generalized binomial series. Heaviside has also a 
‘generalized binomial series’, viz. 


(141) (lb2)" = > 7 “Fm—s+1)F(n+s—m-+l)’ 


s=—0 
where m and mn are not usually integral. This series, unlike the 
exponential series, appears explicitly in Riemann’s earlier work. 
If m and n are integral and m positive, then (2.14.1) reduces to the 
elementary binomial theorem; if m only is integral, to the ordinary 
infinite series, 


Sammie Tmt) LS ger Tt) 
> T(m—s+1)'(n+s—m-+]1) R(r+1)0(n—r+1)’ 


s=— 0 r= 
which converges to 2"(1-+-x71)" = (1+2)" if |z| > 1. Generally the 
series is infinite at both ends, and convergent at one end, divergent 
at the other, according to the value of x. 

If we separate the positive and negative values of s, and write the 
two resulting series at length in the notation usual for hypergeometric 
series, we obtain 


(2.14.2) Pim+1)0(n—m+1) om 


T'(n+1) meray 
n—m 1 
= Fil, —m,n—m-+1, ~2)+ FL —n+m-+l1, m+2, -7}. 


If, for example, 0 < x < 1, then the first series on the right is con- 
vergent; the second is divergent, but summable in various ways, and 
represents the analytic continuation of the function which it defines 
when convergent. The formula may be proved directly or deduced 
from known theorems concerning the relations between different hyper- 
geometric functions. 


NOTES ON CHAPTER II 


§ 2.2. Euler, ‘Remarques sur un beau rapport entre les séries des puissances 
tant directes que réciproques’, Histoire de l’ Académie des Sciences et Belles-lettres 
(Mémoires de l’Académie), 17 (Berlin, 1768), 83-106 [Opera (I), 15, 70-91]. The 
volume covers the year 1761, and the paper had been read in 1749. 

Cahen, A EN (3), 11 (1894), 75-164 (75-6), seems to have been the first modern 
writer to call attention to Euler’s paper. Landau, Bibliotheca Math. (3), 7 (1906), 
69-79, gives a full account of it, with the appropriate references to other writers. 
It seems that no one before Riemann (1859) gave a satisfactory proof of (2.2.2), but 
that Schlémilch had stated (2.2.7) in 1849 and proved it in 1858. The standard 
proofs of (2.2.2) are given in Landau, Handbuch, 281-98: see also Ingham, 41-8, 
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Whittaker and Watson, 268-9. Many other proofs have been given by other 
writers. 

§ 2.3. For (2.3.2) see, e.g., Bromwich, 298. 

§ 2.4. Euler’s discussions of the series (2.4.1) seem to have begun in his corre- 
spondence with N. Bernoulli: see in particular Opera (I), 14, 585. Other references 
will be found in Reiff’s book quoted in the note on § 1.3. The summability of the 
series by various methods is discussed by Hardy, PCPS, 37 (1941), 1-8: see § 8.11. 

There is a systematic account of the theory of lie~* in Nielsen, Theorie des 
Integral-logarithmus und verwandter Transzendenten (Leipzig, 1906). 

§ 2.5. Poincaré’s memoir was published in 4M, 8 (1886), 295-344. There are 
accounts of the theory of asymptotic series in Borel, ch. 1; Bromwich, ch. 12; 
Knopp, ch. 14; and Ford, Studies. 

For the theorems of Watson and Carleman see Watson, PT RS(A), 211 (1912), 
279-313; Carleman, Les fonctions quasi-analytiques (Paris, 1926); and § 8.11. 

§ 2.6. Lacroix, Traité du calcul, 3, ed. 2 (Paris, 1819), 346-8; Bromwich, 336. 

§ 2.7. There are short accounts of the relevant parts of the theory of Fourier 
series in Hardy and Rogosinski and in other books there referred to, and a very 
full one in Zygmund. 

The fullest account of the early history of the formulae (2.7.2) is that in 
Burkhardt’s Enzyklopddie article quoted under § 1.3. 

§ 2.8. Fourier, Théorie analytique de la chaleur, ed. 2 (Paris, 1822), 187 et seq. 
(reprinted in vol. 1 of his @uvres). There are short accounts of Fourier’s analysis 
in F. Riesz, Les systémes d’équations linéatres a une infinité dinconnues (Paris, 
1913), ch. 1, and Hardy, Annals, 36 (1935), 167-81; but both are condensed, and 
neither author quite does justice to Fourier. 

Dr. Bosanquet observes (1) that it is at any rate doubtful whether it is always 
possible, under Fourier’s conditions, to choose A; so as to satisfy (2.8.8) and 
Aj, > Aj; (2) that we can deduce directly from (2.8.5) that 


fi 2 Le 
Z 8! E r <8 
E 3 : (1 —") = | (1 om mi) )Ase Te 2! ie her ee 


m=1 m=1 
where the dash implies the omission of the value m = n, HAp,, = Anyi. and 
PO =1, PO, = yTmy2mz?..m2, (h> 1), 
the summation extending over unequal m,, m,,... from 1 to r other than n. If 
we then make r —> o, and suppose that A;,,— A,;, we obtain (2.8.16) without 
using the special relations (2.8.6)—(2.8.12). 

§2.10(2). The argument here may be generalized: see Hardy, |.c. under § 2.8, 
172. Very general theorems concerning the Ceséro summability of derived series 
of Fourier series, of which the series considered here are special examples, were 
proved by W. H. Young, PLMS (2), 17 (1918), 195-236. Still more general 
results, and full references, will be found in Zygmund, 257 et seg, and in Bosan- 
quet, PLMS (2), 46 (1940), 270-89. 

§ 2.12. Heaviside’s exponential series, and the generalized binomial series of 
§ 2.14, are both special cases of a generalized form of Taylor’s series which occurs 
on p. 335 of Riemann’s posthumous fragment ‘Versuch einer allgemeinen Auf- 
fassung der Integration und Differentiation’ (Werke, 331-44). Riemann’s expan- 
sion is 


Amtr ‘ 
f(@+h) = > Toate f(x), 
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where 7 is fixed, and in general non-integral, m runs from — 00 to 00, and D™*T is 
a symbol of generalized differentiation. Riemann does not write down the 
exponential series explicitly, and makes no attempt at a rigorous discussion. For 
this see Hardy, JLMS, 20 (1945), 48-57. 

The fragment is taken from a manuscript dated 14 Jan. 1847, when Riemann 
was a student. As the editors (Dedekind and Weber) remark, it was never 
intended for publication; but it contains the first definition of ‘Riemann-Liouville’ 
integrals, and no doubt marks the beginning of Riemann’s work on hyper- 
geometric series. 

The asymptotic character of the series (2.12.1) was proved by Barnes, TCPS, 
20 (1908), 253-79. Barnes’s proof is valid for complex x with larga| < 7. 

§ 2.13. Polya has proved that if the series (2.13.1) is convergent for any x for 
which ¢(x) is regular, then ¢(2) is an integral function, and the series is uniformly 
convergent in any bounded region of x (so that its sum is necessarily a multiple 
of e*). See Pélya and Szegé, 1, 133 and 314. 

Hardy, l.c. under § 2.8, discusses the summability of (2.13.1) by methods 
of Borel’s type. 

§ 2.14. The binomial series occurs, as formula (3), on p. 336 of Riemann’s 
fragment. He comments on its failure for negative integral n. 

The formula (2.14.2) occurs, for example, in Barnes, PLMS (2), 6 (1908), 
141-77 (146, formula I). It may be proved directly by integrating 


[ wr ay  , 


round an appropriate contour. 


III 
GENERAL THEOREMS 


3.1. Generalities concerning linear transformations. The 
theory of divergent series is concerned with generalizations of the notion 
of the limit of a sequence (s,,), which are usually effected by an auxiliary 
sequence of linear means of s,. Thus in § 1.3 we defined the (C, 1) limit 
of (s,,), or the (C,1) sum of > a,, as the limit of 
. _ StS +8 

m-+1 
when m ->0o; and the A limit of (s,), or the A sum of > a,, as the 
limit of 
(3.1.2) t(x) = Da, 2” = > x2™(1—z)s, 
when x-> 1 through values less than 1. In each case the auxiliary 
means are of the form 


(3.1.1) tin 


(3.1.3) tn = > Cn Sn (m = 0,1, 2,...) 
or 
(3.1.4) t(x) = > c,(x)s,, 


where x is a continuous parameter.f Thus in (3.1.1) 

Cnn = (m+1)* (0S n< Mm), Cnn = 0 (n >m), 
and in (3.1.2) c,(z) = 2"(1—). In one case they depend on an integral 
parameter m, in the other on a continuous parameter x; but, as we shall 
see, this distinction is not very important. For the moment we consider 


means of the type (3.1.3). 
We call the system of equations (3.1.3), which we may write shortly as 


(3.1.5) t = T(s), 
a linear transformation T; t,, the transform of s, by T; and the matrix 
|T| = (Cin) > 


in which c,,,, is the element in the mth row and nth column, the matrix 
of T. 

{ Summations are over 0, 1, 2,... when there is no indication to the contrary. The 
variable of summation will not be shown explicitly unless this is necessary to avoid 


ambiguity: it is obvious, for example, that in (3.1.3) and (3.1.4) the summation must 
be with respect to n, so that, for example, & Cy, 8, means 


re) 
0) 
2 Smn en 
n=0 
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3.2. Regular transformations. The most important transforma- 
tions are regular. We say that T is regular if 


(3.2.1) tn—>s (moo) 
whenever 
(3.2.2) S,—>8 (n->0). 


We regard the first assertion as including that of the existence of t,, 
for every m, i.e. the convergence of all the series (3.1.3). Thus, after 
Cauchy’s theorem quoted in § 1.4, the transformation (3.1.1) is regular. 

There is an important theorem, due to Toeplitz and Schur, which 
states necessary and sufficient conditions for the regularity of T. We 
prove this theorem (Theorem 2) in §3.3: it is convenient to associate 
it with two other theorems of a similar character concerning different 
classes of transformations. We call the class of linear transformations 
&, the class of regular transformations I,. The class T, is the class 
of transformations which transform all convergent sequences into con- 
vergent sequences, i.e. transformations such that the convergence of s,, 
to s implies the convergence of ¢,, to some limit ¢. Thus T, is the subclass 
of X, in which ¢ is necessarily the same as s. The class T+ is the class of 
transformations which convert all bounded sequences into convergent 
sequences, i.e. transformations such that s, = O(1) implies t,, > t. It 
is plain that T* is also a subclass of T,; but TZ and T, are, as we shall 
see, mutually exclusive. We shall prove the following three theorems. 


TuEoREM 1. In order that T should belong to Z,, it is necessary and 
sufficient (i) that 


(3.2.3) Ve m= > |e 2h 
where H is independent of m; (ii) that 

(3.2.4) | Cini Ons 

for each n, when m —> 00; (ili) that 

(3.2.5) C= > Ce 8 


when m—> co. In these circumstances > 5, is absolutely convergent, and 
(3.2.6) ty, >t = 88+ > 8,(8,—s) = s(85— & 8,)+ ¥ 8 Sns 
when m -> 00, whenever 8, > 8. 

Here, of course, the limits 5,, and 6 are finite. 


THEoREM 2. In order that T should belong to &, (i.e. that T should be 
regular), it is necessary and sufficient that the conditions of Theorem 1 
should be satisfied, that 5, = 0 for each n, and that 8 = 1. 
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THEOREM 3. In order that T should belong to TF, it is necessary and 
sufficient that Cm» —> 5, for each n, i.e. that the second condition of Theorem 
1 should be satisfied, and that the series > l¢nn| should converge uniformly 
in m. In these circumstances the first and third conditions of Theorem 1 
are necessarily satisfied, > 5, = 5, and 

tn —>t= > 5,8, 
for all bounded sequences (s,). 


3.3. Proof of Theorems 1 and 2. (1) We prove first that the 
conditions of Theorem 1 are sufficient. Since s, > s, 8, 18 bounded, 
and it follows from (3.2.3) that all the series (3.1.3) are absolutely 
convergent. 

Next, the series (3.2.5) are absolutely convergent. Also, by (3.2.4), 


N N 
> [8,] = lim D lemal < H 
0 m—+o 0 
for every N, so that 
(3.3.1) >. eal =a. 
Thus 5 5,; > 5, 8,, and the other series in (3.2.6) are absolutely con- 
vergent. 
Suppose first that s = 0. Then we can choose N = N(e) so that 
(3.3.2) [Sn] <</4H (n> WN). 
Now 


N. oO 
ta > Sn Sn = > (Crn—9n)8n i 2 Cmin— Pn) Snt & (Cmn—Sn)8n = U+Y, 


€ < 1 
say. Here IV < Gig, 2, (lemnl+ Pn) < ke, 


by (3.2.3), (3.3.1), and (3.3.2); and U > 0 when NV is fixed and m +00 
by (3.2.4), so that |U| < }e for m > M(e,N) = M(e). Hence 
l’m— >, 8n8n| <e 
form > M(e), and t,, > > 8, 8,. Thus the conditions (3.2.3) and (3.2.4), 
without (3.2.5), are sufficient when s = 0. 
In the general case we write 
S, = 8,—8, tn = > mn Sn 

Then s;, > 0 and therefore 

tm > >, 8) Sp. 
Hence, now using (3.2.5), 
tm = D CmnlSn +8) = ty +8Cm > > 8S +8s = 3(S— > 5,)+ ¥ 8,8, =F. 


Thus the conditions of the theorem are sufficient in any case. 
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(2) We have now to prove the conditions necessary. We suppose that 
T belongs to %,. 

(a) Take s, = 1, s, = 0 whenn + k, so that s, > 0. Thent,, = cy ,, 
and therefore c,,;, tends to a limit 5, when m—oo. Thus (3.2.4) is a 
necessary condition. 

(b) Take s, = 1 for all n, so that s, > 1. Then 

tn = > Cran = “ms 
and therefore c,, tends to a limit 6. Thus (3.2.5) is necessary. 

(c) It remains to prove (3.2.3) necessary. This is the main point of 
the theorem. 

First, y,, is finite for every m. For if y,, = 00 we can choose (e,) so 
that 

€, > 0, én >, > €nlemn| = 0.T 


If then we take s, = €, 82NC,,,, we have s, > 0 and 


tin = > EnlCmn| = 0, 
in contradiction to our hypotheses. 


Thus y,, is finite for every m, and we have to prove y,, bounded. 
If not then, given G, we can find an m such that y,, > G. We write 


(3.3.3) Ymn a [my l> (3.3.4) d,, =e [3, |. 


We know already that 7,7 -> Ym When n->0o, and that c,,,—> 5, (so 
that ym. > d,) when m — oo. 

Starting from an arbitrary n,, we construct two increasing sequences 
M4, Me, Mz,... ANd 24, Ng, Ng,.... We suppose that m,, my,..., Mp1, M4, 
No,..., N, have been determined already, and choose m, and n,,, as 
follows. Since y,, > G for any G and some m, we can choose m, > m,_, 
so that 


(3.3.5) Ving = D>, lCmpn| > 2rdy,r?+ 2r 4-2. 
; Ny Ny 

Since D2 lCmn | —> D2 [8,1 = d,, 

when m -> 00, we can suppose also that 


Np 
(3.3.6) min p32 lCm,nl < d,,+1. 


n a 
{ For example, we may, with Abel, take «, = ( > ICm.vl ) *, where Cm,y is the first 
v=N 
Cny # 0. 
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Since Yn. > Ym, When n ->0o, we can then choose n,,, > , so that 


co 


(3.3.7) Ving Vinge > ICm_sn| <i. 
Neti tl 
It then follows from (3.3.5)—(3.3.7) that 
Net) 
(3.3.8) D> lemn| > dn, +r? + 2r. 
n=n,+1 


We now take 
7 i 0 (n < 7), 8, = ot sgn Cine, (1, <n S N41) 
forr = 1,2,.... Then |s,| < 1, s, > 0, and 


l Ny +1 Ny (ora) 
mel 2 >, lemanl— >, mami — >>, lnm 
Me+1 i) Ny pitl 


> r(rdy,+tr?+2r)—(d,,+1)—-1 =r. 
Hence t,, 00 when m->oo through the sequence (m,), and T is not 
a transformation of T,. The contradiction completes the proof of 
Theorem 1. 
The only point of the proof which presents difficulty is that of the necessity 


of the condition (3.2.3). This may be elucidated as follows. Suppose that we 
wished to prove (3.2.3) a necessary condition for the truth of the implication 


|sn| < K—> |t,,| < HK, 
a theorem about uniform boundedness instead of about convergence. We should 
take a fixed m and define s, by s, = Ksgn¢m,,. Then 

tm = KY lemn| = Kym 
and (3.2.3) follows. The proof of Theorem 1 depends (at the critical point) on 
a combination of this device with the use of ‘rapidly increasing’ sequences. Such 
proofs are common, for example, in the theory of the ‘convergence defects’ of 
Fourier series. 

It is now easy to prove Theorem 2. First, the conditions are 
sufficient because they include those of Theorem 1, so that 
tm >t = ds+ > 5,(s,—s) = 8. 

Secondly, the proof of their necessity is the same: the proof of (3.2.3), 
indeed, is a little simplified because 5, = 0 and so d, = 0. 


3.4. Proof of Theorem 3. If the conditions of Theorem 3 are 
satisfied, and s, is bounded, then > Cnn» > CmnSn are uniformly con- 
vergent. Hence 


lim t,, = lim > Cnn Sn = > (lim em n)Sn = D 8n Sn 
when m->oo, and the conditions are sufficient. In particular, taking 


n= 1; 8 = lim ¥ mn = D8, 
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The conditions (3.2.4) and (3.2.5), being necessary in Theorem 1, 
are a fortiori necessary here. It remains to prove that 


(3.4.1) Ym = & lemal 


(which is certainly bounded) must be uniformly convergent. 

We show first that it is sufficient to prove this in the special case in 
which 5,, = 0 for every n. If T belongs to T¥ it belongs to T,, so that 
> |8,| <0. The equations 


bn == > (Cin—9n)8n = > Chis Sn 
define a transformation T’ for which c,,,, > 0 when m -> oo. If T belongs 
to T* and s, = O(1), then t,, > ¢ and 
tm >t— > 3, 8p, 

so that T’ also belongs to TF. Hence, if the conclusion has been estab- 
lished in the special case, >’ |c;,,,| is uniformly convergent, and therefore 
Dd lemnl = > lemnt+8,| is uniformly convergent. 

We observe next that the condition of uniform convergence may be 


stated in a different form by use of (3.2.4). If (3.4.1) is uniformly con- 
vergent then 


(3.4.2) Ym >= > ICm,n as 18,15 


and the converse is also true, by a well-known theorem of Dini, because 
lCnn| =2 9.t Thus we may replace the condition of uniform convergence 
by (3.4.2); and, in the special case which it is sufficient to consider, this 
condition reduces to 


(3.4.3) Ym =X [emul > 0. 


+ The substance of the theorem, at any rate, is Dini’s, but he stated it in a rather 
different form (for uniform convergence over an interval of values of a continuous 
variable). It may therefore be advisable to insert an explicit proof of what is actually 
wanted here, viz. that if ums > 0, umn —-> Un, when m—> 0, Dummy and Y Ug, are 

t, 
convergent, and Sting BU 


when m —> ©, then X tm», converges uniformly in m. 
In fact 


feo) ce fee] fee) N 
= tan = (5 Umn—X Un) + xX Un—d (Umn— Un) = P+Q+R, 
N+1 0 0 N+1 0 
00 
say, so that 0 < 2B umn < |P|+|Q|+|2I- 


We can choose N(e) so that [Q| << «; and, when N(e) is fixed, we can choose 
M(e, N) = M(e) so that |P| < ¢ and |R| <.¢ form > M(e). Thus 


ioe) 
(a) O< & Uma < 3 
N+1 
form > M(e)and N = N(e), and therefore (since um, > 0)form > M(e),N > N(e). But 


when M(e) is fixed we can choose N,(e) > N(e) so that (a) is also true for 0 << m< M(e) 
and N > N,(e), and therefore true for N > N,(e) and all m. 
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We have therefore to prove that (3.4.3) is a necessary condition for 
a transformation T, with 5, = 0, to belong to T*. 

If (3.4.3) is false, there is a number y > 0, and a sequence (m™), such 
that 
(3.4.4) Ym = > lCnn| ->y 


when m = m™ and 1->0o. We shall then define a bounded sequence 
(s,) such that ¢,, does not tend to a limit when m > oo through (m). 

We construct increasing sequences (m,) and (n,), the first a subse- 
quence of (m™), as follows. Suppose that m,, mz,..., M,_1, ANd 21, Np,..., Np 
have been determined. Since y,, > y and Cm», —> 0 when m — 00, we can 
choose an m, > m,_,, in (m™), so that 


(3.4.5) Yup ¥ | << 277; (3.4.6) 3 [Cece <r 


Since > |cn,n| is convergent, we can then choose n,,, > 7, so that 


(3.4.7) it pee ore 
+1 


Nyp+1 


and it follows from (3.4.4)—(3.4.7) that 


Rp +1 
(3.4.8) | > l¢m,n|—y| < 3.27". 
n+l 
We now define s,, by 
(3.4.9) 6, =0 (m<m), 8 = (—1F SME (ee << Mya) 


forr = 1, 2,.... Then |s,| < 1, and 


ioe) 


> » man on 
Neti +h 


< 2; < ar; 


Ny 
(3.4.10) | Cn Sn 
0 


by (3.4.6) and (3.4.7). Also 


Np +1 N41 
> Cm,n Sn = (1° > lCm,n 
Nypt+1 N+1 


by (3.4.9); and so 
Mr td 


(3.4.11) > Cran &—(—1)ty} < 3.27 
nF 
by (3.4.8). Finally, by (3.4.10) and (3.4.11), 
tm, —(—1)’y| < 5.27; 


and therefore ¢,, does not tend to a limit. This completes the proof 
of Theorem 3. 
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3.5. Variants and analogues. There are many variants of the 
theorems of §3.2, which we shall not attempt to enumerate systema- 
tically. We mention only a few which will be useful to us later. 

(1) The first concerns sequences which tend to zero. 


THEOREM 4. In order that s, > 0 should imply t,, > 0, it is necessary 
and sufficient that condition (3.2.3) of Theorem 1 should be satisfied and 
that Cp, should tend to 0 for each n. 


The sufficiency of the conditions follows from the argument of § 3.3 (1), 
with 6, = 0 and s = 0. In this case the condition that c,, should tend 
to a limit isnot wanted. The argument of § 3.3 (2), (a) and (c), also shows 
that the two conditions retained are necessary, but that of (b) is 
inapplicable. 

(2) There are analogues in which m is replaced by a continuous 
parameter x. Thus the analogue of Theorem 2 is 


THEOREM 5. Suppose that x is a continuous parameter which tends to 
infinity, and that 


(3.5.1) t(z) = > ¢,(x)s_. 

Then the conditions (i) that > |c,,(x)| should be convergent for x > 0, and 
(3.5.2) > |c,(x)| < A, | 

where H is independent of x, for x > 2p; (ii) that 

(3.5.3) C,(x) > 0, 

when x -> 00, for every n; and (iii) that 

(3.5.4) > c,(x) > 1, 


when x -> 00; are necessary and sufficient that t(x) should be defined by 
(3.5.1) for x > 0, and tend to s when x > 0, whenever s, > 8. 


In this case also we call the transformation T defined by ¢(x) regular. 

The theorem may be proved by an argument like that of §3.3. But 
it is a corollary of Theorem 2. For, first, the conditions ensure that 
t(x) > s when x > oo through any sequence (x,,) tending to oo, and so 
generally. Secondly, if condition (i) is not satisfied, then either the 
series > c,(2,,) diverges for some z,, > 0, or 


lim > ICm,n = lim > Cn (Lm) | a QO 


when x > 00 through some sequence (z,,) tending to oo. But then, by 
Theorem 2, there are sequences (s,,) for which s,, tends to s and 


t(X,,) na > Cran Sn 
4780 E 
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is either not defined for some z,, or does not tend to s. This proves 
the necessity of (3.5.2), and that of (3.5.3) and (3.5.4) is obvious. 

There are obviously similar theorems in which x tends to a finite limit 
a (ora+0 ora—0). These are derivable by trivial transformations, and 
we shall regard them as included in Theorem 5. There is also an 
analogue of Theorem 4 with a continuous parameter x, which we do 
not state explicitly. 

(3) There are similar theorems concerning integral transformations 


(3.5.5) t(z) = i} c(x, y)s(y) dy;t 


but they are a little less symmetrical, since the kernel c(x, y) may behave 
in @ more complex way for finite x and y than a function of integral 
variables. We therefore confine ourselves here to the statement of 
sufficient conditions (which are all that we shall actually need), and 
suppose s(y) bounded for all y. 


THEOREM 6. In order that 


(3.5.6) sy) >s (y>oo) 
should imply 

(3.5.7) (x) >s (x%>o) 
for every bounded s(y), it is sufficient that 
(3.5.8) [ lee wl dy < H, 


where H is independent of x, that 
¥ 
(3.5.9) f l(a, y)| dy > 0 
; 0 


when x -> 00, for every finite Y, and that 
(3.5.10) J c(x,y) dy > 1 


when x —> 00. 


The proof is like the sufficiency proof in §3.3. We suppose first that 
= 0. Then 


Y ro) 
u(x) = [ o(x,y)sty) dy + f ol@,y)s(y) dy = U+V, 
: 0 Y 


t Integrations are over (0,00) unless the contrary is indicated. The integral (3.5.5) is 
defined, in general, as 


Y 
lim f e(x,y)e(y) dys 
Y-—>0o 0 


but in Theorem 6 it is absolutely convergent. 
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say. We can choose Y so that |s(y)| < «/2H for y > Y, when 
Vi < ae | leew) dy < 265 
¥ 


and U -> 0 when Y is fixed and x ->00. Hence ¢(r)> 0. We then pass 
to the general case by replacing s(y) by s,(y) = s(y)—s. 

The transformation (3.5.5) includes those considered before as special cases. 
If s(y) = 8, c(z,y) = ¢,(x) forn < y < n+l, then t(x) = > c,(x)s_, the trans- 
formation of Theorem 5. If we then restrict x to integral values m, we obtain 
that of Theorem 2. 

The form of (3.5.9) is not quite parallel to that of (3.2.4) with 6, = 0. The 
parallelism would be restored if we wrote the latter condition, as we might, in 
the form ‘ 


n 
> lees] —> 0. 
v=0 


(4) We may also frame theorems in terms of series instead of 
sequences. There are two in particular which are familiar in elementary 
analysis,+ and concern transformations of the classes T, and T*. 


THEOREM 7. In order that > x,y, should be convergent whenever ¥ ay, 
is convergent, it is necessary and sufficient that 


(3.5.11) > |Axn| =X [Xn Xn+11 <0. 

THEOREM 8. In order that > xnQ, should be convergent whenever 
8, = Aj ta,+...+a, is bounded, it is necessary and sufficient that (3.5.11) 
should be satisfied and that x,, should tend to zero. 


If ¢,, is the. partial sum of } x, @,, then 


m m—-1 
tn = D3 Xn tn = p (Xn—Xn4+1)8n+Xm Sim) 


so that 
Cnn AXn (0<n<™m), Xm (n = m), 0 (% >m), 
and 
m-1 
(3.5.12) Yn = ps2 lAxn|+1Xml- 


We have to show that, for this t,,, the conditions of Theorems 7 and 8 
reduce to those of Theorems 1 and 3 respectively. 

It is plain from (3.5.12) that (3.2.3) implies (3.5.11). Conversely, if 
(3.5.11) is satisfied then > (x»—xn4+1) is convergent, so that x, tends to 
a limit yx. A fortiori it is bounded, and then (3.2.3) follows from (3.5.12). 
Thus (3.5.11) is equivalent to (3.2.3). 


t So far as the sufficiency of their conditions is concerned. 
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Next, Cnn = AxXn for m > n, so that Cy» > Axn = 5, when m > 00; 
and 


m-l1 
Cn = ps (Xn—Xn+1) +Xm = Xo = 8. 


Thus the conditions (3.2.4) and (3.2.5) are satisfied without further 
restriction on y,. This proves Theorem 7. 

The additional condition for Theorem 8 is, by Theorem 3, that > |¢mn| 
should be uniformly convergent, and this, as we saw in § 3.4, is equivalent 


to 
D lemnl > 2 (nl 
—1 co 
But here this is ») [Axn|+lxXml > > [Axnl, 
0 0 


ie. > |Ax,| <0 together with x, ->0. This completes the proof of 
Theorem 8. 

We can naturally prove Theorems 7 and 8 directly without appealing 
to the more difficult theorems from which we have deduced them here. 

(5) We conclude this section with the observation that the classes 
qT, and T*, both subclasses of T,, are mutually exclusive. If T belongs 
to TF then ¥ |c,,,|, and a fortiori } ¢c,,,, is uniformly convergent, so 
that 

> 5, = Dd lime,,, = lim > tn», = lime, = 5. 

But this is impossible when T is regular, since then 5, = 0 for all n 
and 6 = 1. 


3.6. Positive transformations. In this section we shall be con- 
cerned exclusively with regular transformations. There is one parti- 
cularly important subclass of such transformations, in which 


(3.6.1) Cun = 9 


for all m, n or at any rate for n > m9. We call such a transformation 
a positive (regular) transformation. 

If T is regular then c,,,,-> 0, when m -> oo, for every n, so that the 
Cmn With n < , do not affect the behaviour of t,, for large m. It is 
therefore of little importance whether we suppose c,,,, > 0 for all m 
and 7 or only for n > 1p. 


TuHrorEM 9. Jf T ts regular and positive, and s,, real, then 


(3.6.2) lim s, < limt, < limé, < lims, 
nro 


n—>2 m—>0o me 


for any (s,). In particular s, > s implies t,, > s for finite or infinite s. 
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If lims, = ¢ is finite, then s, > o—e for n > N = N(e). We may 
suppose V > mp, and then, by (3.6.1), either ¢,, = 00 or 


N co) N oe) 
tr = Dd Cyn Snt > Cmn8n = >» CmnSntla—e ee 
m pa mnr°n p> Mmn?-n =~ pa mn°n ( >, m,n 


The first term on the right tends to 0 when m -> oo, and the second to 
a—e, so that t,, > o—2e for sufficiently large m. Hence 


— limé, > o = lims,. 


The proof of the last inequality (3.6.2), when lim s, is finite, is similar. 

If lims, =0o (so that s,->0o), then s, >G for any G and 
n >N=MN(G) >n,; and either t,, = 00 or t,, > 4G@ for sufficiently 
large m, so that t,,-> 00. The case in which lims,, = —oo is similar. 

The last clause of Theorem 9 suggests a further interesting problem 
concerning real transformations. We may say, as in $1.4, that a real 
transformation T is totally regular if s,s implies t,, > s for all finite 
or infinite s. The conditions of Theorem 2 must then be satisfied, and 
it is natural to ask for additional conditions necessary and sufficient 
for total regularity. The general conditions are rather complex, and 
we confine our attention to ‘triangular’ transformations 


m 


(3.6.3) bn = 2 Cmn Sn 
in which ¢,,,, = 0 for n > m. 


THEOREM 10. In order that a real transformation (3.6.3) should be 
totally regular, it 1s necessary and sufficient that tt should be regular and 
positive. 


After Theorem 9, we have only to prove that, if T is totally regular, 
then Cy» = 0 for n > np. 

If the condition is not satisfied, there are negative c,, , with arbitrarily 
large n and, since c,,,, = 0 when n > m, also with arbitrarily large m. 
There is therefore a sequence (m,) of m such that (1) Cn,, <0 for some 
n, (2) if n,,, is the rank of the last such c,,,,,, then n,,, < m, and n,,, tends 
to infinity with m,. 

In what follows we consider only values of m in (m,), and write m 
simply for m,;. Starting with an arbitrary m,, we define sequences (m,)t 
and (s,) as follows. Suppose that we have determined m,, m,,..., m 


Ce) 
the corresponding values of n,,, and those of s, for n <m,. Since 


m,n? 


T (m,) is naturally a subsequence of what we first called (m,). 
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Nm <M, N,, tends to infinity with m, and c,,,,-> 0 for each n when 
m ~> co, we can choose m,,, so that m,,1 > %m,,, > m, and 


E >¢ ‘myn ® 


This defines (m,) by recurrence; and we then define s,, for m, <n <™,,,, 


by | 

m1 
S_ = (M, KN KM 44,% FM, ,,)s S_ = tt (n = Mn, ,,)- 
Mr+ Ulm 41 , 


Then s, —> 00 (since |c,,,| < H), but 

me Mert 
bres = > mes un Sat D. Cnn On 
0 mth 


Me+l 


<1+m,,; D5! reson! Mr < 14+Hm,4.—M?..1- 
Mr . 


Hence t,, -> —oo when m = m, and r > 0, and T is not totally regular. 


The following examples may help the reader to appreciate the various 
possibilities. 

(i) ‘The transformation in which Cp m = 2) Cmmz1 = —1, and Cm,» = 0 other- 
wise, is regular but not totally regular. Thus if s, = 2, t, = 0 for all m. 
If s, = 3”, then s, —> 00 but 4, —> —©. 

(ii) The Seen 

ln = mora -+8m_1)— a 
which is of type (3.6.3), is ae but not totally regular; for if s, = n+ 1, then 
8, —> © but t,, = 1 for all m. 
(iii) The transformation defined by the matrix 


1 —2-1 2-2 2-3 
O° 1 “sesQ=8 peo 
0 oOo 1 -2 
0 0 o 1 


is totally regular. The conditions of Theorem 2 are satisfied, and 
bin = Sy — 2-438 gg 2S gg Fe mga Hoos + 
If s,, —> 00, then there are two possibilities. If >) 2~"s, is divergent, then t, = 0 
for all m. If > 2-"s, is convergent, then 2-""18m,, = 0(1) and ty, > &p,—0(1) —> ©. 
3.7. Knopp’s kernel theorem. There is an interesting generaliza- 
tion of Theorem 9 for complex sequences, due to Knopp. We follow 
Knopp in stating it for the general integral transformation (3.5.5). 
We call the transformation positive if c(z,y) > 0 for all a, y.t The 
conditions of Theorem 6 then reduce to 


(2) (x) = | o(w,y) dy 


+ The condition strictly parallel to that of § 3.6 would be ‘c(x, y) > 0 for y> Y’, 
We take Y = 0 to avoid minor complications. 


3.7] GENERAL THEOREMS 55 


is bounded and tends to 1 when x > 0, and 
Y 
(6) f e(z,y) dy > 0 
0 
when x->00, for every finite Y. We shall suppose throughout that 
these conditions are satisfied, and call such a transformation normal. 

We state our results in terms of the complex plane w = u+iv with 
a single point woo at infinity. Given any set S of points w 
(w ~ 00), we define the least closed convex region K including S (the 
‘convex cover’ of S) as follows. If there is no closed half-plane including 
S, then K is the whole plane, including oo. If there are such half-planes, 
then K is their common part. We count © in K when S is unbounded 
but not when it is bounded: in any case K is closed. Thus if S is a single 
point, K is that point; if S consists of two points, K is the straight 
segment joining them; if S is the real axis, K is the real axis with the 
point oo; if S is the real and imaginary axes, K is the entire plane. 

Suppose now that s(y) = u+iv is a complex function of the real 
variable y, defined for y > 0 and bounded in any finite interval (0, Y). 
We define K(s, yo) as the least closed convex region K including all values 
of s(y) for y > yo: thus K(s, y,) is included in K(s, y,) if yz > y,. Finally, 
we define K(s), the kernel of s(y), as the common part of all K(s,y); 
and K(t), the kernel of ¢(x), similarly. 

If s(y) tends to a finite limit a when y -> 00, K(s) is the point a. If s(y) 
is real, K(s) is the stretch lim s(y), lims(y) of the real axis, together 
with the point oo if either lim s(y) = —oo or lim s(y) = 00. In any case 
K(s) cannot be empty, since it is the limit of a decreasing sequence of 
non-empty closed sets; but it may consist of the single point oo. 

If K(s) is the single point oo, we say that s(y) diverges to 00. When 
s(y) is real, this implies that s(y) >0o or s(y) > —oo. The definition 
gives an appropriate generalization of the notion of ‘proper divergence’ 
for complex functions. 

We can now state Knopp’s theorem. 


THEOREM 11. If the transformation (3.5.5) is normal, and t(z) exists 
for x > 0, then K(t) 1s included in K(s). 


In particular this is true, with the obvious modifications in the 
definitions, for a regular and positive transformation (3.1.3). 

We may assume that K(s) is not the entire plane, since in that case 
there is nothing to prove. Thus what we have to prove is that any 
point w outside K(s) is also outside K(t). If w is outside K(s), it is 
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outside K(s,¥,) for some y). Thus we have to prove that if w is outside 
K(8, yo), it ts outside K(t, x9) for some x». We must distinguish two cases. 

(1) Suppose that w 00. We may then suppose (making a transla- 
tion if necessary) that w = 0. Since K(s, y9) is closed, there is a point 
w, of K(s,y9) whose distance from w = 0 is a minimum.t We may 


suppose (making a rotation if necessary) that the plane is so oriented 
that 
Wy = Wy—w = 4d > 0. 

Then, since K(s, y¥)) is convex, all of its points, and a fortiori all points 
of any K(s,y) with y > yo, have abscissae at least 4d. Thus Rs(y) > 3d 
for y > Yo. 

Since s(y) is bounded in any finite interval of values of y, there is an 
M such that |s(y)| << Mfor0 <y< yp. Since 


Yo oe) 
| c(z, y) dy > 0, | c(x, y) dy > 1 
0 0 
when x — 00, we can choose 2, so that 
Yo d ied 
fe@ydy<a, feley)dy>% 


0 Yo 


for x > 2. It then follows that 


ana) = we Pote,uty) dy} +9%{ Fo, y)otn dy} 


> —M(dM—)+3.3d = —d+2d=d 
for x > x, and that w = 0 is outside K(t, x9). 
(2) Suppose that w =o. In this case K(s, yo) is bounded; and s(y) 
is bounded for y > yp, and therefore for all y. Hence |s(y)| < N for 
some JV, and 


Ite) < Nf (x,y) dy, 


so that ¢(x) is bounded. Thus w = © is outside K(t,x,) for any 2p. 
This completes the proof of Theorem 11. In particular, t(z) diverges 
to oo if s(y) does so. 


3.8. An application of Theorem 2. Any transformation (3.1.3) 
may be used to define a method of summation of series: if 
Sy = Ap tay+...+4,, 


+ Actually, since K(s, yo) is convex, there is just one such point; but this is not 
required for the argument. 
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t,, is defined by (3.1.3), and é,,>s, then we may say that >a, is 
summable (T) to sum s, and write 

8,>8(T), >da,=s (T). 
We call the method regular if T is regular, so that a regular method is 
one which sums every convergent series to its ordinary sum. 

We shall use Theorem 2 in the next chapter to prove the regularity 
of the methods of summation most useful in analysis. Here we apply 
it to the proof of a theorem, which we shall need later, about methods 
of less general importance. 


If 
(3.8.1) Pn 29, = Pyo>0 LP,p =O 
(so that P, = potpy+... +p, > 0), and 
(3.8.2) a = PoSotP1Sit---+Pn Sn >8 
PotPit--+Pn 
when n -> 00, then we say that 
(3.8.3) 8, >8 (N,p,).t 
We prove first 
THEOREM 12. The method (N,p,,) ts regular. 
Here 


Cmn = Pnl Pn (n < m), Cnn =0 (n > m), 
> lCmn I = > Cun = 1, 

and Cm, > 0foreachn. Thus the conditions of Theorem 2 are satisfied. 
In particular, the (C, 1) method, in which p, = 1, is regular. 

In what follows we suppose, to avoid minor complications, that 
DP, > 0 for all n. We prove first 

THEOREM 13. If p, > 0 and s, > 8 (N,p,), then 

8,—8 == O(P,/Dn). 
For 
Pr8n = ay t,—P-1 “na = 8(P,,—F-1) +0(f,) = sp,-+0(P,). 

In particular, s,—>s (C,1) implies s,—s = o(n), and so s, = o(n), 
a, = 0(n). The theorem is one of an important class which we may 
call ‘limitation theorems’. There is a limitation theorem associated with 
any useful method of summation, asserting that it cannot sum too rapidly 
divergent series. 

The next theorem, which is the main theorem of this section, concerns 
the relations between the methods corresponding to two different 
sequences (p,,) and (q,,). 


{t The reason for this notation will appear in the next chapter. 
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TuEoreM 14. [f p, > 0,9, > 0, > pp = ©, ¥ g, = 00, and 
either (a) 


(3.8.4) Gn+1/%n < Pn+ilPns 

or (5) 

(3.8.5) Pn+ilPn < In+1/In 

and also 

(3.8.6) Py /Pn S HQn/Qn, 

then > a, = 8 (N,p,) implies > a, = s (N,q,). 
If 


bm = (Po8p +71 S1+---+Pin8in)/Pns Um = (Fo 8o+91 81+ -+:-+9n 8im)/ Om: 
then 


d Po% = Pyty, Pin 8m >= Pa bogs tm-1 (m> 0), 
ana so 
(3.8.7) Um = 12 Pty +2 (PB, ty —Paty) +... 42 (P,, ty — Pa bys) 
a m Qm\Po 0”0 Pr 1°1 0°0 eee Pin m“m m-1"m-1/ {+ 
Thus 4, = > Cnntn, where 
_— {In = fats Fie Ln : 
3.8.8) c,,=(2@—eE | (n<m), n(n =m), 
( ) pees , Past ( Pm Qm ( 


and 0 for » > m. Since Q, —> 00, Cy» —> 0 when v is fixed and m-> oo. If 
8, = 1 for all n, then t,, = 1 and u,, = 1, so that 


(3.8.9) 2 C= 
for every m. Hence the transformation (3.8.7) satisfies conditions (3.2.4) 
and (3.2.5) of Theorem 1, with 6, = 0 and 6 = 1. 

It remains to verify that it also satisfies (3.2.3). In case (a), Cn = 9. 
D lem! = > mn» and (3.2.3) follows from (3.8.9). In case (6), Cnn < 0 
except when n = m, while c,,_, > 0. Hence 


> lena = ~"> “enn LOSE, 


1 = ¥ ony =D Cony + ime 
= . mn ~~ 7 mn Pin Qin 
— 94mEm __ a 
so that > lemnl = oO: 1< 2H~—1, 


by (3.8.6), and (3.2.3) is satisfied with 2H—1 for H. Thus in either 
case (3.8.7) is regular, and the result of the theorem follows. 

Roughly, in case (a) > q, diverges less rapidly than > p,, while in 
case (0) it diverges more rapidly, but not too much more rapidly. If 
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Pn = N%, d, = 78, then the first condition is satisfied if « > 8B > —1, 
and the second if 8B > « > —1 (since P,/p, and Q,,/q, are each asymp- 
totic to a multiple of n). If p, =1, dq, = 2", then P,/p, ~ 7, 
Qn/Um > 2, and the theorem fails. 

In fact, when > q, diverges rapidly, the method (N,q,) becomes 
trivial, in the sense that it will sum convergent series only. This is 
shown more precisely by the following theorem. 


Turorem 15. If Q,4:/Q, = 148 > 1, then > a, cannot be summable 
(N,q,) unless tt is convergent. 
For QmUm = 1o80+---+4m Sm: and so 


(3.8.10) 8m = (Qi Um— Qm-1 tm-tN Gm == > Cnn Un 
where 
(3.8.11) Cnm-1 = —Qm—1/%m Cnm = Ql Un» 


and the remaining c,,,, are 0. Plainly c,,, > 0 when m oo, and 


>» Can = (Qn— Qm-1)/Un =, 
Also Gm = 8Qm—1 and so 


> lCmnl = (Qm—-1+ Vin)! %m a 2(Qn-1/%m)-EL < 25-14-1. 
Hence the transformation (3.8.10), from wu, to 8,,, is regular, and s,, > 8 
-whenever U,, > 8. 

Thus the series 1—1-+-1—..., which is summable (N, 1), i.e. (C, 1), is 
not summable (N, 2”). The theorem illustrates a general principle, of 
which we shall find many other illustrations later, that too violent a 
method of summation tends to defeat its own object by becoming 
‘trivial’: the more delicate methods are often the more effective. Thus 
the means defined by p, = (n-+1)-1, for which 


bin = p(o+2 cues oeul*t 3 7 itt a 


m-- at) ~ log m m-+- =n) 

are more effective than the (C,1) means. They sum any series sum- 
mable (C, 1), and also series such as > n-1-% for which the (C, 1) method 
fails. We shall return to these means (‘logarithmic’ means) in § 4.16. 


3.9. Dilution of series. One simple application of Theorem 14 is to what 
Chapman has described as the ‘dilution’ of series. The convergence or divergence 
of a series is not affected by the insertion of zeros as extra terms: if either of the 
series @y+a,+a,+... and 0+0+4...+a,+0+...+a,+0+... converges, then the 
other converges to the same sum. But such a change may destroy the summa- 
bility of a divergent series, or change its sum. Thus the series 


1—1+1-..., 1—1+0+4+1—1+40+1-... 


are summable (C, 1) to the sums 4 and 3 respectively. 
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Let us consider, for example, the relations between the (C, 1) summability of 
> a, and that of 
(i) > 6, = ay +a, +0+0+a,+0+04-0+0+a5+..., 
(ii) > 6, = 0+a,+a,+0+a,+0+0+0+a,+0+..., 
in which a,, occurs in ranks m* and 2 respectively. 
(i) If m? <n < (m+1)? then 
t = b — = . 
s , y nen™ Stn] 
Hence, if M? < N < (M+1)?, we have 


(aoa, eee ie ee ee Nt 
N+1l N+1 Wei °** 
The left-hand side of (3.9.1) tends to s if and only if > 6, = 8 (C,1). Also 


N-+1 ~ M?, and so the first term on the right tends to s if and only if 

> ay, = 8 (N, 2n-+-1), 
and this, by Theorem 14, is equivalent. to } a, = s(C,1). Finally, if either of 
these hypotheses is satisfied, 837 = o(M), by Theorem 13, so that the last term 
in (3.9.1) is o(M.M.M-?) = o(1). It follows that > 6, is summable (C,1) to s if 
and only if > a, is summable (C, 1) to s. 

(ii) In this case a similar argument shows that the summability of > 6, implies 
that of > a,; but the converse is not true. Suppose, for example, that a, = (—1)", 
when > a, is summable to 3. Then it is easily verified that 

to-tty +. +t, = 4(2°"—1) 
for 22"-1 < n < 2?"_], so that the (C, 1) mean changes from about % to about 4 
when n increases over this interval. 

It is natural to ask what is true of the corresponding Abelian limits. We shall 
prove in § 4.10 that, if a, = (— 1)", the series (i) is summable (A) to 4. We shall 
also prove that x—2z%*-+2—..., where a is greater than 1, does not tend to a limit 
when x —> 1, so that, in particular, the series (ii) is not summable (A). 

It is easy to prove directly that 

DY a,c” > s—> D a,x" > 8, 
whenever > a,x" is convergent for |x| < 1; and we shall prove more general 
theorems of this kind, due to M. L. Cartwright, in Appendix V. 


NOTES ON CHAPTER II 


§ 3.2. The most fundamental theorem, Theorem 2, is due in substance to 
Toeplitz, PMF, 22 (1911), 113-19. Toeplitz considers only ‘triangular’ trans- 
formations in which ¢p,, = 0 for n > m. The extension to general transforma- 
tions, which involves no difficulty of principle, was made by Steinhaus, ibid. 
121-84. 

Theorem 1 was proved for triangular transformations by Kojima, TMJ, 
12 (1917), 291-326, and independently, for general transformations, by Schur, 
JM, 151 (1921), 79-111. Schur also proved Theorem 3 in the same paper. 

A number of other general theorems will be found in Dienes, ch. 12. 

§ 3.4. For Dini’s theorem, in its usual form, and connected theorems concerning 
uniform convergence, see Dini, Grundlagen fiir eine Theorie der Funktionen einer 
verdnderlichen reellen Grésse, 148-50; Bromwich, 138-41; Hardy, PCPS, 19 
(1918), 148-56. 
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We have supposed in the text that the series for ¢,, converges for all m. We 
may if we please allow it to diverge for a finite number of values of m, i.e. suppose 
it convergent only for m > m,. Here m, may prima facie be m,(8), i.e. depend 
upon the sequence (s,,); but it follows from a theorem of Agnew, BA MS, 45 (1939), 
689-730, that if the series converges for m > m,(s) whenever s, tends to a limit, 
then > |¢m.n| < 00 for m > m,, so that we may replace m,(s) by a number m, 
independent of (s,). See also Rogers, JLMS, 21 (1946), 123-8, and the note on 
§ 3.6. 

§3.5(3). It may be advisable to add a note about necessary and sufficient 
conditions for the regularity of the transformation (3.5.5), though the further 
points at issue, depending as they do on the behaviour of c(z,y), s(y), and ¢(2) 
for finite x and y, belong to the theory of functions of a real variable rather than 
to that of divergent series and integrals. There is a much fuller discussion of 
them in Agnew, l.c. supra. The materials required for the discussion will be 
found in Hobson, 2, ch. 7, and are due in part to Lebesgue and in part to Hobson 
himself. 

In the text we assume s(y) bounded for all y, and prove that the conditions 


(A) ya) = f |eley)|dy< H, (B) f e(x,y) dy], 
. 
(C) f |c(z, y)| dy > 0 for every finite Y 
0 


are sufficient. It is plain, since ¢(x) need exist only for large z, that we may 
replace (A) by 


(A’) y(x) < H for sufficiently large x. 
It may be proved that (A’), (B), and 
Y 
(C’) f c(x,y) dy —>0 for every finite Y, 
0 


are necessary conditions. The argument is much like that of § 3.3 (in the case 
5, = 0,8 = 1), but, as Dr. Bosanquet has pointed out to me, an additional lemma 


is needed, viz. if 
Y 


P(x, Y) = [ e(e,y)s(y) dy 
0 


extsts for every finite Y and bounded s(y), and d(x, Y) —> 0 when x —> o, then 
. 
— f lee,y)| dy < K(Y), 
0 
where K(Y) depends only on Y, for sufficiently large x. This result, which is true 
also if s(y) is restricted to be continuous, is a corollary of what is proved in 
Hobson, 2, 432 and 441-3. 

This, however, leaves a gap between (C’) and the stronger condition (C). The 
gap disappears when c(x,y) > 0; and in the general case we may fill it as follows. 
If we consider any bounded measurable set E of positive y, and take s(y) = 1 in 
E and 0 outside EF, then s(y) —> 0; and therefore, if the transformation is regular, 


(C’) f c(z,y)dy—>O for every bounded measurable E. 
E 


This necessary condition is stronger than (C’) but weaker than (C), and it can 
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be shown that, with (A’) and (B), it is also sufficient. For, by another theorem of 
Hobson and Lebesgue, (A’) and (C”) imply 

Y 

(cx) J cle, y)a(y) dy > 0 

0 
for every finite Y and bounded s(y); and this is all that is needed to complete 
the proof of sufficiency. The theorem required, which is one of the cases of 
Hobson’s ‘general convergence theorem’, will be found in Hobson, 2, 431. 

Thus (A’), (B), and (C”) are necessary and sufficient conditions for the regularity 
of (3.5.5), when we restrict ourselves, as in the text, to bounded s(y). This is 
proved by Hill, BAMS, 42 (1936), 225-8. Since we are concerned primarily with 
the behaviour of s(y) when y —> ©0, there is no real loss in the restriction. 

If we restrict s(y) a little more, we can replace (C”) by the weaker condition (C’). 
Let us suppose, for example, that the only discontinuities of s(y) are jumps. Then, 
by another case of Hobson’s convergence theorem (p. 432), (A’) and (C’) imply (a), 
so that (A’), (B), and (C’) are necessary and sufficient when s(y) is restricted in 
this way. 

We may also make (C’) one of a necessary and sufficient set of conditions by 
restricting c(a, y) instead of s(y). If, for example, c(x,y) is bounded, then by a 
further case of Hobson’s convergence theorem (p. 423), (C’) alone implies («), 
and (A’), (B), and (C’) are again necessary and sufficient for regularity. In this 
case s(y) need not be bounded. 

Finally, as Dr. Bosanquet has also pointed out to me, we may get rid of all 
these restrictions on either s(y) or c(z, y) by using yet another theorem of Hobson 
and Lebesgue (Hobson, 2, 422-3 and 438-41), and adding a fourth condition to 
(A’), (B), and (C’), viz. 

(D) if C(x,Y) is the essential upper bound of |c(x,y)| in (0,Y), t.e. the upper 
bound when sets of measure zero are neglected, then C(x,Y) < L(Y) for every finite 
Y and sufficiently large x. 


In fact (A’), (B), (C’), and (D) are necessary and sufficient conditions that 
t(z) > ¢ whenever s(y) is any function of y which.is integrable in every finite 
interval and tends to s when y—> oo. 

This problem was considered first by Silverman, TAMS, 17 (1916), 284-94, 
and Kojima, 7MJ, 14 (1918), 64-79 and 18 (1920), 37-45. Kojima proves an 
analogue of the more general Theorem 1. Both Silverman and Kojima suppose 
a(y) bounded and restrict c(z, y) more severely, assuming it continuous, uniformly 
in 2, in any finite (0,Y). This assumption enables them to replace (C’) by the 
much more drastic condition 

(C”) c(x,y) > 0 uniformly in any finite (0,Y): 

a condition stronger even than (C). 

(4) The sufficiency parts of Theorems 7 and 8 are classical and will be found 
in all the text-books: see, for example, Bromwich, 58-60; Hardy, 379-80. 
The necessity of the conditions was first proved by Hadamard, AM, 27 (1903); 
177-83. There are, of course, corresponding theorems for integrals. 

Similar theorems for double series were proved by Hardy, PCPS, 19 (1917), 
86-95, and Kojima, TMJ, 17 (1920), 213-20. All these theorems have been 
generalized widely in different directions: see Moore, Convergence factors, and 
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§3.6. Theorem 10 was proved by W. A. Hurwitz, PLMS (2), 26 (1926), 231-48. 
The more complex conditions for total regularity of the general transformation 
(3.1.3) were found by H. Hurwitz, BAMS, 46 (1940), 833-7. 

The definition of total regularity is to be understood in a sense like that 
explained for the A method in §1.4. If, for example, s, — oo, then the series 
tm = > Cmn8n Toust, for each m > m, where m, = m,(s) may depend on the 
sequence (8,) in question, either converge or diverge to 0; and the values of t,,, 
when the series is convergent, must tend to oo with m. H. Hurwitz shows that 
then cy, > 0 form > m, and n > N(m), i.e. that there can be at most a finite 
number of negative coefficients in any sufficiently advanced row of the matrix 
of T; but this condition is (as an addition to those of Theorem 2) necessary only 
and not sufficient. Incidentally it follows that m,(s) may be replaced by a number 
m, independent of (s,,). 

§ 3.7. Knopp, MZ, 31 (1930), 97-127 and 276-305. 

§ 3.8. Theorem 14 is due to Ceséro, Atti d. R. Accad. d. Lincei [Rendiconti 
(4), 4 (1888), 452-7]. It was rediscovered by Hardy, QJM, 38 (1907), 269-88 
(271), and is attributed to Hardy in Borel’s book (p. 115). See also Bromwich, 427. 

The condition > p, = oo is not used explicitly in the proof, and is in fact 
implied by the other conditions. If condition (a) is satisfied, then > p, obviously 
diverges at least as rapidly as > q,. If conditions (b) are satisfied, then the 
divergence of >’ q, implies that of ¥ (q,/Q,) by a familiar theorem of Abel [see, 
for example, Hardy, 421, 442]; and this, by (3.8.6), implies the divergence of 
> (Pn/P,) and so of > py. 

§3.9. If > a," is convergent for |x| < 1, and 

Py) = LY ane-™, wy) = Lane" (y> 0), 
then it follows from the formula 
—2ny 2 —nty%t*—1/ #2 dt 
e r= fe niyit Ws 


that Hey) = = [ Hore, 


and the theorem stated is an easy deduction. Compare the proofs of Theorems 
28 and 30 (§ 4.8). 


IV 
SPECIAL METHODS OF SUMMATION 


4.1. Nérlund means. Our main object in this chapter is to enu- 
merate some of the methods of summation which have proved most 
useful in analysis and to establish their regularity by means of Theorem 
2; but we shall add a good deal of additional matter. Some of the 
most important methods, for example Cesaro’s, will be considered in 
much greater detail in later chapters, and these we shall dismiss shortly 
here. 

The (C, 1) method of §1.3 is the simplest of what are usually called 
Norlund methods, though a definition substantially the same as Nor- 
lund’s had been given previously by Voronoi. 

We suppose that 


(4.1.1) Pn 20, Po >OF Py= Pot Prt. +Pn 
and define t,, by 


4.1.2 i = N) 8 — Pm Sot Pm-181F---TPo8m_ 

ao e ") Pot Pit--+Pm 

If t,, > 6 when m > 00, and s, = a)+a,+...+a,, we shall write 
(4.1.3) 8, > 8, da, = s (N,p,). 


If p,, = 1 for all n, then t,, is the (C, 1) mean of s,; if 
_ (nt+k—l\ (nth) 
Pn~\ py} Pini (hy’ 
where k > 0, then it is the (C,k/) mean.{ Usually, as in these cases, 


> p, will be divergent, but this is not essential. Thus, if Po = p, = 1, 
and the remaining p,, are 0, then 


bm = 3(Sm—1+Sm); 
and we obtain the means s@) referred to on p. 21. 


4.2. Regularity and consistency of Nérlund means. We begin > 
by determining the conditions that the means (4.1.2) should be regular. 


THEOREM 16. The condition 
(4.2.1) Pnl Ln > 0 
is necessary and sufficient for the regularity of the (N,p,) method. 


+ This last condition is convenient, though not essential. If, e.g., pp = 0, p, > 9, 
and we write py, = Qy_1 tm = Um» then u, is an (N, ¢,) mean of s, with qo > 9. 
t See § 5.5. 
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For, if t,, = > Cnn Sn, then 

Cnn = Paanlx (x < m), Cnn 0 (n> m), 

Cnn = 9and > |Cnn| = > Cnn = 1. Thus the first and third conditions 
of Theorem 2 are satisfied in any case. The second is that c,,,, > 0 
when n is fixed and m->oo. Taking n = 0 we obtain p,,/P,, > 0, so 
that the condition (4.2.1) is necessary; and, since Cyn < Pm—n/Pn-n» it 
is also sufficient. . 

We say that two methods P and Q are consistent if s, —>s(P), 
8, > 8’ (Q) imply s’ = s, ie. if they cannot sum the same series to 
different sums.t 


THEOREM 17. Any two regular Norlund methods (N,p,) and (N,q,,) 
are consistent: tf 8, > s (N,p,,) and s,, -> s' (N,q,,), then s’ = s. 
We write Tn = Pont Pi In-1t---+Pn Qo Then 
Ns) = PoGoomt (Pout Pr Jo) 8-1 +++» + (PoUmt ++ +P m 10)S0 
Podot (Pod t+P1I0) +---+(PoIm+---+Pm 10) 
= PolQoSm+---+9m So) + ++» FE Pm—1(Yo $1 +91 80) + Pm 10 So 
Poot ---+Im)+---+Pm-1(Yo+G) +P V0 
__ Po Qin N‘(s)+-.. -+Dn Qo NPs) = nNW(s) 
a )o te ite, ica Ym, 
Po Qmt-. -FPm Qo 
where Yinn = Pm-n Q,/ (3 F Pn» Q,) ifn<m and yz, = 0 if n >m. 
iS 
Here Ymn = 9; 2 1Ym,n| = oy Ynn = 1, and 
Pm—n Vn — Pm—n Qn 
(Pm—-n+Pm-n-1t- -+20)%0 P, m—n Yo 
when m->oo, so that the means with coefficients y,,, are regular. 
Hence s, > 8’ (N, q,,) implies s, > s’ (N,7,). Similarly, s, >s (N,p,) im- 
plies s, >s(N,r,); and therefore, when both hypotheses are satisfied, 
s and s’ must be the same. 


—> 0 


Ymn S 


There is an interesting alternative proof which embodies an important principle, 
and which depends upon 

TuroreEM 18. If (N,p,) ts regular, and > a, = 8 (N,p,), then the series ¥ a,x" 
has a positive radius of convergence, and defines an analytic function a(x) which 18 
regular for 0 < x < 1 and tends to s when x —> 1 through real values less than 1. 

We write 

p(x) = > pax", P(x) = > Px", T(x) = > Prine", 

where ¢,, is defined by (4.1.2), with 8, = @y+a,+...+a,. Since p,_/P, — 0, i.e. 
P,_1/P, — 1, P(2) is convergent for |z| < 1, and p(x) also converges, to (1—2)P(z). 


¢ This is a much weaker assertion than that of equivalence (§ 4.3). 
4780 F 
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Since ¢, is bounded, Jz) also converges for |x| < 1. Since py > 0 and p, > 0, 
p(x) > Oand P(x) > Ofor0 < az < 1. 
The function T(2z)/p(z) is regular at the origin, and expansible in a power series 
w(x) = > w, x" convergent for small x. Since T(x) = p(x)w(z), 
Pate = Po WytP Wnat os +Dn Do 
for all n. But Pitan = PoSntP18n-1t-+Pn8o 


for all n, and therefore w, = 8,. Hence > 8,2" and > a,2" are regular at the 


origin. Also 
= n a ee ad Sad 
a(x) = > aya” = (1—2) > 8,2" = (1-2) pia) Pea” 
and T(x) and P(x) are regular for |x| < 1. Hence a(x) is regular for |z| < 1, 
except for possible poles, none of which is on the line (0, 1). 
Finally, a(x) = oe) = 2 Patna” = D> ¢,(z)ta, 
where c,(z) = P,x"/P(x). This is a transformation from ¢, to a(x), which plainly 
satisfies the conditions of Theorem 5.¢ Thus z,,—>s8 implies a(x) >, and this 
completes the proof of the theorem. 
Theorem 17 is a corollary, since the sum of > a,, if it exists, does not depend 
on the special values of p,,. 
_ Theorem 18 may be regarded as ‘Abel’s theorem’ for a regular Norlund 
method. We cannot say that > a, = s (N,p,) implies s, —> 8 (A), since } a,x" 
will not usually converge for 0 < z <1; but the Abelian limit exists in a 
generalized sense. We may also regard the theorem as embodying a ‘limitation 
theorem’, viz. a, = O(e") for some c. 


4.3. Inclusion. We now consider questions of inclusion and equiva- 
lence. We say that Q includes P if s, > s (P) implies s,, > s (Q), and that 
the methods are equivalent if each includes the other. If Q includes 
P, but is not equivalent to P, then we shall say that Q is stronger than 
P. Here we are concerned with the case in which P is (N, p,) and Q 


is (N, ¢,)- 
If (N, p,,) and (N,q,) are regular, then p,/P, > 0 and.g,/@, — 9, and 
the series 


(4.3.1) p(z) = pax, P(r) = DF, 2, gz) = 2 Ine” » Ox) => On” 
are convergent for |x| < 1. The series . 
(4.3.2) k(x) = Yk,” = 9(x)/p(x) = O(x)/ P(x), 

(4.3.3) U(x) = 1,4” = p(x)/a(x) = P(x)/Q(), 

are convergent for small x, and 

(4.3.4) ko Pnt---tknPo = In ko Pt. tha Po = Qn 

(4.3.5) lone tln Io = Pu ly Qn+---tl, Vo = Fi 


+ In the form with 0 < x < 1, x > 1: see the remark on p. 50 after the proof of 
Theorem 5. We shall take such variations of the theorem for granted later. 
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TurorEM 19. Jf (N,p7,,) and (N +Un) are regular, then, in order that 
(N,¢,) should include (N, p,), tt ts necessary and sufficient that 


(4.3.6) [eol Pal Aa |Pa—a +--+ kn lPo S AQ, 
where H is independent of n, and that 
(4.3.7) k,/Qn > 9. 


If P, -> 0, the second condition may be omitted. 
If s(x) = > 8,2", then - 


DY Pn NP (8)a” = J Tosnt---+In 80)e" = 9(x)8(z) 
for small x, and similarly > P, N{?)(s) = p(x)s(x). Hence 
p> Qn Ni(s) ia > k, x” > P, NP (s)z", 
On NP (8) = kn Po NPS) then, NYP(8) +... +h F, NP (8). 
Thus NP (8) = J ene NyP(8), 
where c,,, is k,_,P,/Q, ifr <n and 0ifr >. The first condition of 
Theorem 2 is (4.3.6). The third is satisfied automatically because of 
(4.3.4). Finally, Q,_,~ Q,, for any fixed r, by Theorem 16, when n +00, 
and the second condition reduces to k,,_,/Q,-, > 0, which is (4.3.7). 
If P, > oo then, given G, we can choose 7 so that P. > G. If also 
(4.3.6) is satisfied, then 
G| k+l S HQ, lim 0. = = qiim 0,-- G 5) 
and (4.3.7) follows from (4.3.6). Thus (4.3.7) may be discarded when 
Pn = ©. 
If p, = 1, P, = n+1, then 
p(z) = (l—x), k(x) = (1—2)9(z), ko = > kn = UIn—Ur1 (mn > 9), 
and (4.3.6) becomes 
(2+ 1)qo+Nn|91—G|++--+]%n—In1] < HQ, 
which is plainly satisfied if g, increases with n. Thus we obtain 


TuroreM 20. If (N,q,) is a regular Nérlund method with increasing q,, then 
8, — &(C,1) implies 3, > 8 (N, Gy). 


4.4, Equivalence. We next prove 

THEOREM 21. In order that two regular Nérlund methods (N,p,) and 
(N,q¢,) should be equivalent, it is necessary and sufficient that 
(4.4.1) Llkl<0, Tl] <oo. 

(1) The conditions are necessary. Since py > 0 and gq > 0, ky > 0 
and J, > 0. Since (N,gq,) includes (N,>:,,), it follows from Theorem 19 
that k,P, < HQ,. Thus P,/Q, is bounded, and similarly Q,/P, is 
bounded. 
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By Theorem 19, 


F,- Liss n 
Vol + Us| to + el < Hoe 
forr <n. Fixing r, and making n — 00, we see that 


[Kol + lta |+...-+ 14,1 < Him (Q,/P,). 
Thus > |k,,| <0, and similarly > {l,,| <0. 


(2) The conditions are sufficient. If > |k,| <oo then ley >0O and 
k,/Q, > 0. Also 


P, = Qoln t+ Qi baat +Onle < Qn > [dnl 
Py | ko|-+Pa-a)ki|+.-- + Pol hn | < Qn > [,, | > UAE 
Thus the conditions imply those of Theorem 19, with H = > |k,| > |l,|, 
and (N,q,,) includes (N, p,). Similarly (N,7,,) includes (N,q,). 


It is plain that the conditions cannot be satisfied when p(x) and q(x) are 
rational and one of them has a zero, inside or on the unit circle, which is not 
a zero of the other. If, for example, p, = 2n+1, d, = n+1, then. 


1+ 1 1 
pe)=Goae = Goa Ue) =1te, Ma) =r, 


so that > |k,,| = 00. Also 

[FolPat--+[FnlPo = Pot... + Pn 
is of order n?, so that (4.3.6) of Theorem 19 is not satisfied, and (N,qg,) does not 
include (N,7,). We shall return to this example in § 5.16. 


4.5. Another theorem concerning inclusion. We now apply 
Theorem 19 to the proof of a criterion for inclusion of a more special 
kind. We are here interested primarily in cases in which P, tends slowly 
to infinity, and p,, will be a decreasing function of n. 

We shall use a lemma, of independent interest. 


THEOREM 22. If p(x) = > p, x" ts convergent for |x| <1, and 
(4.5.1) po=1, pra>0, Pet >a (n>0), 
Pn Pn-1 
then 
(4.5.2) {p(x)}-! = 1—c, 2—c, 2? — 
where c, > 0, Se, <1. If > py, =, then ¥ oy = 1, 
It follows from the conditions that p,,,/p,, increases with n, and 


tends to a limit which cannot exceed 1. Hence p, decreases with n. 


We suppose that 
{p(z)}-1 = vot net y22"+... 
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for small x. Then y, = 1, and it is only necessary to prove that 
C, = —Yn > 0 for n > 0, the remaining clauses of the theorem being 
corollaries, since p(x) > 0 forO <2 <1. 

We have 
(4.5.3) YoPnt--+YnPo = 9; YoPnsit+-+¥n+1 Po = 9 
for n > 0. It follows from (4.5.3) that 


Pnatl¥1Pn-1+---+Yn Po) a PrlV1Pnt--+Yn41 Po); 
and so that Yn+1 = 4A1n YitGen Yot--+Gan Yn» 
where 
Onn pan Pati Pna—m __Pn-m41 —_ Pan (Poas — Poon) > 0. 
Pn Po Po Po Pn Pnr—m ; 
Thus if y,, y2...-, Y¥, have the same sign, y,,, has the same sign also. 
Since y, = —y0P1/P0 = —P1 < 9, it follows that y, < 0 for n = 1, 2,.... 
Incidentally it appears that > y, x” is in fact absolutely convergent 
for |z| <1. 
We can now prove 
THEOREM 23. [f (i) (N,p,) and (N,q,) are regular Nérlund methods; 
(ii) Pn satisfies (4.5.1); (iii) In a 0; and (iv) PniPn-r < InlUn—1 (n > Ng); 
then (N,q,,) includes (N, p,,). 
We suppose first that n, = 0, i.e. that (iv) is satisfied for all n > 0. 
Since 
(Got, ¢+...)(l—c,x—...) = ky thy a+..., 
(Potp t+... )(l—cya—...) = I, 
we have ky = q, and 


Un —1 In-1— ++ — on Vo = Kn Pn—1Pr-1— +++ —“n Po = 0 
for n > 0. Hence 

kn In- q Pn~ p 

—® a ]—¢, 8-1. —¢, 22 > 1—c, Et —...—c, 22 = 0, 

In * an of in "Dn 


and k, > 0 for all n. We can now verify at once that the conditions 
of Theorem 19 are satisfied. For the first 


[kolP. +--+] Kn |Po = ky Pat. +h, Po = 9,3 
and for the second 
kn Po < ko Pnt---+kn Po =, In» 


so that k&,, = O(¢,) = 0(Q,,), by Theorem 16. This proves the theorem 
in the special case n, = 0. 
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Passing to the general case, we have | 
Pr[Pn-a < UnlIn-1 (MH = M+, Np +2,...). 
We write Tn = Dy (N= Np, N+1.,...), 
and increase p,,_1, if send to a value r,,_, such that 
TrolTno-1 XS Tng+tl ny Tel? not XS Uno! Ino13 


then p,,-2 to a value r,,_, such that 


Tics): Tro~2 r/? nel? Tac) Tne-2 Ine-1!' Ino—2> 
and so on down to p, and ry. Then 


r,/ Tn-1 S Tn+1/ Tn» Tp/ Mma Ss < 4) In-1 
for n > 0; and p,, = 7,,/7) satisfies 


Po = I, Pn > 9, Pn+ilPn => PnlPn—1 PniPna < QnlIn—1 
for n > 0. It follows from what we have proved already that (N,q,) 
includes (N, p,,), or, what is the same thing, that (N,q,) includes (N,r,). 
It is therefore sufficient to prove that (N,1r,,) includes (N,p,,). We 


write 1, = Pyt8_ (nm == 0, 1j..5%—1) 


so that r(x) = dr, 2 = p(a)-+"S 6, x" = p(x)+8(2), 
say. By Theorem 22, 
{p(z)}* = 1— F ena” = Fyne”, 
where > |y,| << 1+ Sc, <2. Thus, if 
Ha) = r(a)ip(a) = & bya” 


2) 14" 8,2" Sy” 
p(x) 0 9 
and so Y leal < 1+ 38, ¥ lyn] < 142355, = Z, 
say. Hence, first, k,, = o(1) = o(&,); and secondly, 
[kg Pyt---+lkqlBy < HP, < HR,,. 

These are the two conditions of Theorem 19, with r for q, and therefore 
(N,r,,) includes (N,p,). 

4.6. Euler means. We defined > a, = s (E, 1), in §1.3(4), as mean- 
ing > 2-"-1b, = s, where 


0. = ao+(t)ar+(3 tat Fae 


— 6 
Here tn = > gral? 
n=0 


we have > hp at = 1 421) 
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and we can express #,, in terms of s, as follows. If # is the operator 
defined by Hu, = Uj41, then 6, = (1+ £)"a, and 


1 /14+E\" 
m= 35 (44 a 


1s (lta\™  11-GI+2)} og na It) —(1t+2)4t 
SCS) Sta ane 


2 2 1—#(1+2) 1—2z 
mas Cns ae Ss (Patetes. 20-1); 
n=1 n=1 
and, since this is an identity between polynomials, we may use it with 
E for x. Thus 


mtt 


t, = Q-m-l > ("y )a+e+. + Ela, 
n=1 
| ee (nts 
> > n eee > n+1]} ” 
Hence t,, = > Cnn Sn, Where 
ema = 2" eh (n<m), Cnn =0 (n>), 


Cnn = 9, > lemnl = > mn = 1-2-7 > 1, 
and Cy», < 2-"-1(m+1)"+1 > 0 when m->0o. Thus the conditions of 
Theorem 2 are satisfied, and 


THEOREM 24. The (E, 1) method ts regular. 
4.7. Abelian means. If 


(4.7.1) 0<r <A, <A <..., A, >, 
> a, e+ is convergent for all positive x, and 
(4.7.2) f(z) = Da,e** > 8 


when x-> 0, then we say that > a, is summable (A,A,), or (A,A), to 
sum s, and write 
(4.7.3) > an = 8 (A,A). 
When A,, = n, the (A, A) method is the A method of §1.3(2). We shall 
sometimes write (A, k) for (A, n*). 

It will be convenient to consider a more general method of summa- 
tion. We suppose that (¢,,(x)) is a sequence of functions defined in an 
interval 0 <2 < X, and that 


(4.7.4) ¢,(z) > 1, 
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for each n, whenx—>0. If 
(4.7.5) $(a) = J an bn(2) 
is convergent in some interval 0 <<a < X, < X, and ¢(x) > 8 when 
«> 0, we say that > a, is summable (4) to sum s. 

THEOREM 25. In order that the ‘f’ method should be regular, it is 
necessary and sufficient that 
(4.7.6) > | bn(2)—bn41(2)| < H, : 
where H is independent of x, in some interval 0 <x < €. In particular 
this condition is satisfied if 
(4.7.7) : 0 <S bn+1() S p,(2). 

(1) The condition ts sufficient. It follows from (4.7.4) that |¢o(x)| < H,, 
say, in some interval (0, £), and from (4.7.6) that 


Ia) < [Pol@)I+'S [Praale)—#,(0)| < H +H 


in some such interval. Thus the system (¢,) is uniformly bounded in 
such an interval. 
Suppose first that s, > 0. Then 


N, N~=1 
(4.7.8) 2 a, Pn = > 8nlon—Pn4i) +8 py: 
The last term tends to 0, and so 
(4.7.9) f(t) = D 8nlbn(®)—bnsi@)} = > ¢n(2)8n, 


say. It follows from (4.7.4) that c,,(x) > 0, for each n, when x > 0, and 
from (4.7.6) that > |c,(x)| < H; and hence 4(x) > 0.f 
If s, > 8, @ = a@y—s, and a, = a, for n > 0, then s, > 0 and 
(x) = J an bn(x) = $(x%)—sho(x) > 0 
when x->0. Hence, by (4.7.4), d(x) > s. 

(2) The condition is necessary. It is enough to prove that it is satisfied 
if s, > 0 always implies ¢(z)->0. We consider first a small fixed zx. 
Since > a, ¢, is convergent whenever s,,—> s, it follows from Theorem 
7 that > |¢6,—¢n41| < 00 for each such x. Hence ¢,(x) is bounded for 
such an z, and we can deduce (4.7.9) as under (1). It then follows from 
Theorem 5 that > |c,(x)| < H for small x, and this is (4.7.6). 

Finally, if ¢,, satisfies (4.7.7), then 


> lbn—Pnsal — > (¢n—$n+1) oe do—lim bn < Po < A, 
since ¢, is bounded in (0, &). 


+ Here we appeal to the analogue of Theorem 4 mentioned on p. 50 but not stated 
explicitly. We cannot appeal to Theorem 5 because > ¢y(x) does not necessarily tend 
to 1. . 
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There is plainly a variant of the theorem in which z is replaced by 
an integral parameter m which tends to infinity. 


We add a remark about the special case in which ¢, is a positive decreasing 
function of n. There is a simple but useful theorem which we shall need later 
and which it is convenient to prove here. 


THEOREM 26. If b, increases to infinity with n, and > uy, ts convergent, then 
(4.7.10) Va = Vg ty... +n = Og Ug tb, Uy +... +5, Uy = 0(b,). 
If wy = Unt+Unyst..., then w,—> 0. Also 
n n 
= 2 Bm (Wm—Wms1) = by Wot D> (Om — Om_1 Om — On Wag; 


and so V,, = 7',b,-+0(b,), where 


b 
Ty = pint 
n 


by Theorem 12. 
It follows from Theorem 26 that (4.7.9) is true whenever ¢,, decreases to 0 as 
n-—> oo and >’ a,¢,, is convergent. For, taking 


bn = on? Un, = Ongar UV, = a, = 6, u,, 
in Theorem 26, we see that s,¢,, —> 0, and (4.7.9) follows from (4.7.8). 


The conditions of Theorem 25 are plainly satisfied when ¢,,(2) = e~»*, 
Hence 


THEOREM 27. The (A,A) method is regular. In particular, the A 
method ts regular. 


There is no general theorem for Abelian methods corresponding to 
Theorem 17: different methods may well sum the same series to different 
sums. Thus 1—1+1—... is summable (A) to sum }, but summable 
(A, A), when (A,,) is the sequence 0, 1, 3, 4, 6, 7,..., to $: see § 3.9. 


Co +. pen bna sw, —> 0, 
b, 


4.8. A theorem of inclusion for Abelian means. In this section 
we prove one theorem of inclusion for two systems of Abelian means. 
Others will be proved in Appendix V. As is to be expected after the 
last remark of § 4.7, all these theorems have a very special character. 


THEOREM 28. If (i) Ay > 1, wy, = logdA,, 
Gi) Da, = (A,A), 
(ii) Ya,emY = Ya,evee = Ya, re¥ 
ts convergent for y > 0, then > a, = 8 (A, p). 


We need two preliminary theorems (the first of which is important 
in itself). 


74 SPECIAL METHODS OF SUMMATION [Chap. IV 


THEOREM 29. Suppose that f,(x), f,(x), fo(x),... 18 @ sequence of functions 
defined in an interval of values of x; that 
(4.8.1) |fol2)| <H, (4.8.2) SU f,(c)—frale)l < XK, 
where H and K are independent of x; and that > b,, is convergent. Then 
> bf n(x) ts uniformly convergent. 

In particular the result is true if f,(z) is monotonic in n, and 
uniformly bounded, since then 


E Mfn—fnsal = 1E fa—Snsa)| = [fo—lim fn. 


We might replace the interval by any set of real or complex z. 
We note first that, after (4.8.2), > (f,—fn41) is convergent for each z, 
so that f,(z) > f(x), say, when n->0o. Also 


(4.8.8) fal < Molt 'S lo—foul < H+K. 


We suppose that > 6, = B, and write 
B, = 69+6,+...46,, 8, = B,—B, 
with the convention B_, = 0, B_, = —B. Then B, > 0, and we can 
choose N, so that |B,| << « forn >N—1. Also 


N’ Nn’ N= 
(4.8.4) p Ondn = p3 (Bn—Bn—fn — —By-ify+ > Pa fn Suva) + Bred 
for N’ > N > 0. It follows from (4.8.2)—(4.8.4) that 
| > ba fal < 2e(H+K)+eK = (2H+3K)e 


for N’ > N > MN and each 2; and this proves the theorem. 
When NV = 0 and N’ > 00, (4.8.4) gives 


(4.8.5) > badn = Bfy+ > Bal fn—fn+1) a Bfot > (B,—B)(fa—Sn+1)- 
Since fy = f+ > (fn—Sn41)) we have also the simpler formula 

(4.8.6) Dont = Bit >» Balfn—fns1)- 

But the series on the right of (4.8.6) is not usually uniformly convergent. Suppose, 


for example, that 
Jods tn =e” (n>0,0<c¢2< 1), 


so that f = 0 for x < 1 and f = 1 for x = 1, that b, = 1, and that b, = 0 for 
n> 0. Then B, = 1, B, = 0 for n > 0, and (4.8.6) becomes 


1= f+ 5 (e*—a), 
The last series is neither uniformly convergent nor continuous, having the sum 1 
for x < 1 (when f = 0) and 0 for x = 1 (when f = 1). 


The conditions of the theorem are plainly satisfied when 
flat) = eM? (2 0) or elem (a7 > ap). 
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If > b,, is convergent, then > b,, e~»* is uniformly convergent for x > 0; 
and if the last series is convergent for x > 0, then it is uniformly 
convergent in any interval x > x, > 0. 

Our second preliminary theorem is 


TuroreM 30. If A) > 1, d(w) = Sa, e»”, and > a, Az” ts convergent 
for y > 0, then 


‘00 


= Tia - 4 w-14(w) dw. 


If w and y are fixed, then AY e-*»” decreases from a certain n, so that 
Lane = Y (hem. Az) 


is convergent for w > 0. Hence it is uniformly convergent in any 
interval 0<w <w< W < oo, and 


(4.8.7) HY) = Yan An” = 


Ww 4 
(4.8.8) J w-l4(w) dw = > a, f wy-le-nw dw, 


We wish to replace w and W here by 0 and oo. For this, it is sufficient 
to show that the series 


(4.8.9) > a, J wi-le-Anw day, > a, J wile dy 
0 W 


are convergent and tend to 0 when w > 0 and W oo. 
The first series (4.8.9) is 


Anco 
> 7" | uv—le-4 du = > we Xn(~) = > bd, x,(w), 
0 


say. Here > b, is convergent, by hypothesis, while y,(w) is positive, 
increases with n, and is uniformly bounded for all m and w. It follows 
from Theorem 29 that > 6, x,(w) converges uniformly in w, and there- 
fore tends to 0 when w->0. The proof that the second series (4.8.9) 
tends to 0, when W — 00, is similar. 

It is now easy to prove Theorem 28. We may suppose s = 0, so that 
¢(w) > 0 when w-> 0. Then 


Hy) = nual f+ { }wpt dw = P+Q, 


5 
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say. Since ¢(w) — 0, we can choose 6 so that |f(w)| < «for0 <w< 4, 
and then 


rig | oe To < 


for sufficiently small y. Also y a, ex is uniformly convergent for 
> 8, so that |d(w)| < He-*»”, where H is independent of w. Hence 


Hee 
er —Aew 
lQ<5 Tay | ¢ dw—>0 
38 


when y > 0, and |:b(y)| < 3e for sufficiently small y. 

It is easy to give examples of series summable (A,log7) but not 
summable (A): we shall see, for example, that > n-1-+, where c> 0, 
is such a series.t 


4.9. Complex methods. It is often important in applications to 
consider the limit of a series > a, e-*** when z > 0 along a path in the 
complex plane, usually a straight line making an acute angle with the 


positive real axis. 

If z = x+iy, > a, e* is convergent for x > 0, and 
(4.9.1) f(z) = Sa,e*** > 8 
when z->0 along any path lying in the angle |y| < xtana, where 
0 <« < 4r, then we shall say that 
(4.9.2) > a, = 8 (A,A, a). 
This method also is regular. 

THEOREM 31. If > a, converges to 8, then > a,e»* > 8 when z->0, 
uniformly in the angle |y| < xtana. 

We may suppose s = 0. If x > 0, then 

fz) = > ay ent — > 8, (en? —eA”nt?), 
or f(z) = > c,(z)8,, where 
Cy (2) = en®@—e Ants? = Ae se, 


Also ‘ 
E lente) = Tide = D| f zee ae| 
An 
An4i 


Zz 
< ll J ar dt = El > Ae~*nz < e»% sec x. 


+ See § 7.9. When we speak of summability (A, log n) we suppose our series to begin 
with the term in a,, so that A, is replaced by 2. 
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Hence, if we choose V = N(e) so that |s,,| < « for z > N, we have 
N’ 
» cn(2)8,| < eseca 


for N’ > N, so that > c,(z)s, is uniformly convergent. Since c,(z) > 0 
when z-—> 0, f(z) > 0 uniformly in the angle. 

We have proved the theorem directly: it might also be deduced from 
appropriate modifications of Theorem 5 or Theorem 29. 

4.10. Summability of 1 —1-+-1—... by special Abelian methods. The series 
1—1+1—... is summable (A) to 4. It is instructive to consider its summability 
by other Abelian methods. 

It is familiar in the theory of elliptic functions that 
(4.10.1) 1— 29+ 2¢4—29°+... = TT ((1—g2"+2)( 1 —g2"+2)} 
for |qg| < 1, and the product plainly tends to 0 when g — 1 by real values. It 
follows (writing e-* for q) that 

1—e~® 4 ee 4.,,, >}, 
so that 1—1+1—... is summable (A, n*) to 4. It is also summable (A, n*) for any 
positive k (compare Appendix V). 

On the other hand, if a > 1, then 
(4.10.2) F(x) = e—2%°+aP%—a¥+.., 
does not tend to a limit when > 1. To see this, we observe that F(x) satisfies 


the functional equation 
F(x)+ F(x*) = 2, 


ag SEED hee) 
and that (2) = alta") (10g) 
is another solution. Hence ¥(x) = F(x)—®(x) satisfies V(x) = — W(x), and is 


therefore a periodic function of loglog(1/x) with period 2loga. Since it is plainly 

not constant, it oscillates between finite limits of indetermination when 2x —> 1, 

log(1/x) — 0, loglog(1/z) — — oo. But ©(xz) —> 4, and therefore F(z) oscillates. 
It follows that 1—1+1—... is not summable (A,A) when A, = a" (a > 1). 


4.11. Lindeléf’s and Mittag-Leffler’s methods. There is one 
(A, A) method which is particularly important in the theory: of analytic 
continuation. In this 
(4.11.1) Ao = 0, A, = nlogn (n > 1). 

If then > a, e-»* > s, we write > a, = s (L). 

A power series } a,,2", convergent for small z, defines an analytic 
function f(z) with a branch regular at the origin. In what follows we 
use f(z) to denote this branch of the function, made uniform by an 
appropriate system of cuts in the plane of z. The ‘Mittag-Leffler star’ 


of f(z) is the domain formed by drawing rays through 0 to every singular 
point of f(z) and removing from the plane the parts of the rays beyond 
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the singular points. Thus the star of } 2" = (1—z)-! is the plane cut 
along the line (1,00). The importance of the L method arises from 
the fact that it sums > a, 2” throughout the star of f(z). We shall see 
later (§ 8.10) how this general theorem may be reduced to the special 
case in which f(z) is the function (1—z)-!: here we consider the special 
case only. It will be convenient to change our notation, writing 5 for 2. 


THEOREM 32. If D is any closed and bounded region which has no 
point on (1,00), and X,, is defined by (4.11.1), then 
(4.11.2) > ePazm > (1—z)-1 
when 5 > 0, uniformly in D. 

We define A(7, 2) as the region in the plane of z = re‘ in which 
(4.11.3) 0<yn<0< 2-7, rR; 
and, since (4.11.2) is plainly true in any circle r < 1—{ < 1, it will be 
sufficient to show that 
(4.11.4) 93(2) = > acteet —> 2/(1—z) = g(2) 


uniformly in A. 

We define a contour C in the plane of u = pe‘? by the circular arc 
p = 4, |d| < $9 < 3a and the two rays p > 3, |¢| = ¢9. We shall 
suppose, as plainly we may, that ¢, and 5, are chosen so that 
(4.11.5) sings > 4, tandy > (4log R)/n, So¢q < 40; 


and we consider the integral 


(4.11.6) Ij(2) = | fie-sulogu_ Ue 


round C, where 
z4 == etloge, log z = logr+-20, log u = log p+i¢4, 
and. C is described so as to leave the origin on the right. Since 
je-Sloe} — Jexp{—3p(cos d+ isin 4)(log p-+ig)}| 
= exp(—8p log pcos¢+dp¢ sin ¢), 
it follows from Cauchy’s theorem that I;(z) = g;(z) for 6 > 0 and z in 
A.t We now prove that J;(z) is uniformly convergent for 0 < 5 < 4 


and z in A. 
On the upper ray of C, we have 


[e-Sulog4| — exp(—8Sp log p cosdy + Spo sin Fo), 
t The integrand is dominated at infinity by the factor exp(— 5p log pcos ¢). 


4.11] SPECIAL METHODS OF SUMMATION 719 


|2"| = |exp{p(cos Jy +¢ sin $,)(log r-+28)}| 
= exp(p log, cos $y—p0 sin $o) < exp(p log Fcos ¢y—p7 sin $y), 
1 1 
giviw | S [oo ecanpaings S Toe’ 
It follows from these inequalities and (4.11.5) that the integrand in 
(4.11.6) is majorized by a constant multiple of 
exp(plog R cos ¢)—4p7 sin Jo) < e~tP78in de < e-em, 

and that this part of the integral is uniformly convergent. 

The proof for the lower ray of C is similar. 

Since the integrand is uniformly continuous with respect to 6 and z 
on any finite stretch of the contour, and J;(z) is regular in A for 6 > 0, 


it follows that a 
I;(z) > I(z) = i anu] du 
c 
uniformly in A, and that the right-hand side is an analytic function 
of z regular in A. It is g(z) when —1 < z < 0, and therefore throughout 
A; and the theorem follows. 

There are other methods of summation, not (A,A) methods, but of 
similar type to the L method, which have the same property. The 
most important is Mittag-Leffler’s method, which we call M, and in 
which > a,, is defined as 


i Qn 
ay 2 T'(1+8n)° 

It is easy to prove, by a variant of the method used above, with 
I'(1-+8w) in the place of el&+, that > z” is summable (M) to (1—z)-1 
uniformly in A. The details naturally depend on the asymptotic 
properties of the gamma-function of a complex variable: an alternative 
proof will be given later.{ Yet another method ue similar properties 
is Le Roy’s, in which > a, is defined as 

tm SPOS) 
t1-0 4 P(l+n) * 

4.12. Means defined by integral functions. We consider next an 
important class of methods of which the best known is Borel’s. Let us 
suppose that J(x) = > p, x” is an integral function, not a polynomial, 
with non-negative coefficients p,. If 

S(z) _ 2X PnSn%" 
(4.12.1) Fay > “Spa > 8 
t |e*7*“| = e*pain¢d, is large for large p: 2r—@ takes the place of @ in the argument, 


and 27—@ > 7». 
t See p. 199 (note on § 8.10). 
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when x 00, then we write 

(4.12.2) , > a, = 8 (J). 

The simplest definition of this type is Borel’s, in which p, = (n!)-}, 
J (a) = e*: if 


wn 
(4.12.3) e~*S(x) = e-* >» ‘n> 8 
when x > 00, then we write 
(4.12.4) >a, = s (B). 


There is an alternative definition of Borel which we shall consider in 
§ 4.13 and Ch. VIII. 

Here t(x) = > c,(2)8,, 

Cy(%) = Dat] > Ppt” [O0, C,(2)>0, DY |en(x)| = DY c(z) = 1, 
and the conditions of Theorem 5 are plainly satisfied. Thus 

THEOREM 33. The J method is regular. 


The J method provides a convenient opportunity for a more explicit 
statement of a general principle which we have referred to alreadyt 
and of which we shall find many applications later. A method may be. 
said to be ‘powerful’ if it can sum rapidly divergent series: thus Borel’s 
method is more powerful than the (C,1) or A methods, which will 
not sum > 2” outside its circle of convergence. Borel’s method, on the 
other hand, sums it in the half-plane Rz< 1. For in this case 
8, = (1—2"+1)/(1—z), and 


S(z) > l—zttign ~—1 ze~-eke x 1 

J(x) I1—z n! l—z 1-2 § 1-2’ 
provided only that Rz <1. In particular it sums the series for all 
negative z. 


In this sense the J method is the more powerful the more rapidly 
p, tends to 0. Thus Borel’s method sums 1—a-+a?—a’-+.... for all 
positive a, but it will not sum the series for which s, = (—1)"n!a” 
because > (—1)"(ax)" is not convergent when az > 1. If we take this 
8,, and p, = (n!)-?, then 


Sz) = > (—10 er =e, Jz) => ant — I,(2ve),t 


and S(x)/J(x) > 0. 
We shall, however, find that, usually, the delicacy of a method decreases 
as its power increases, and that very powerful methods, adapted to the 


T See § 3.8. 
t I,(x) being Bessel’s function with imaginary argument. 
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summation of rapidly divergent series, are apt to fail with divergent 
series of a less violent kind (such as we encounter, for example, in the 
theory of Fourier series). Thus we shall find in §4.15 that the J method 
with p,, = e-™ fails to sum 1—1+1—.... 

We supposed in (4.12.1) that J(x) is an integral function and that 2 — oo. 
There is & modification in which the radius of convergence of (4.12.1) is finite. 
In this case we may take it to be 1, and must suppose > p, divergent. The 
definition is still expressed by (4.12.1), but now x —> 1, and the method then re- 
sembles the ‘ Abelian’ methods of §§ 4.7-10. Thus, ifp, = 1,then J(~) = (1—2)"", 


and the definition becomes (1—2) > s,2"—> 8, i.e. S a,x"-—>s. This is the A 
definition. 


If p, = (n+1)-}, the definition becomes 
1 ~ > Bn nid 
(log Paes hig > 8 


@ 
f(t) 1 
(4.12.5) . | ij at ~ slog; —. 
0 


or 


where f(z) = >} a,x". It is plain that f(7) — s implies (4.12.5), so that the method 
includes the A method. 


4.13. Moment constant methods. A moment constant p, is a 
number of the form 


(4.13.1) Ln = f= dx, 
0 
where xy = x(x) is a bounded and increasing function of x such that the 


Stieltjes integral (4.13.1) converges for all n. If € is the lower bound 
of numbers x for which 


i dx(u) = 0, 


then i dx(u) = 0, f dx(u)>0 («<&) 
+0 x 


E—0 . 
and Pn = f a" dx = f a” dy +{x(E+0)—x(E—0)}é*, 
0 0 : 
when € is finite. Usually, however, £ will be co; and we shall suppose, 
when £ is finite, that x is continuous at £.f 


If 
(4.13.2) a(x) = > (Ap/tn)", 
+ See the note at the end of the chapter. 
4780 


G 
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then formal term-by-term integration gives 
| a(x) dx = > (An/Pn) | a dy = > Qn; 


and this suggests that we take the integral on the left as the basis of 
a definition of the sum of > ay. 
We write 


(4.13.3) J a(x) dx = s 


if either (i) € = 00, the series (4.13.2) converges for all x, and 
x 
lim f a(c) dx = 8, 
x0 3 


or (ii) € <0, x(€-+-0)—x(E—0) = 0, (4.13.2) converges for 0 <x < &, 


and 
é—0 x 


| a(x) dy = lim J a(e) dx = 8; 
Fs X+§-08 
and 


(4.13.4) Ya,=S (Un) 
in either of these two cases. 
THEOREM 34. The (p,,) method is regular. 
If > a, is convergent and 0 < X < X, <é< 0, then 


ee) ie) 


(4.13.5) Ln = [= dy > X" | dx > 0 
0 XY 


(4.13.6) 


x (oe) foe) 
cima) fax] fax 
xX; 
0 0 xy 


> and (4.13.2) converges uniformly for 0 << a7 < X. Also 
Sn | x” dy 
Bn 
when n->0o, for X < X, and so for X < é. In particular, taking 
8, = 1, 


x 
(4.13.7) ae x" dx > 0. 
Bn 
" FE 
It follows from the uniform convergence of (4.13.2) that 
x 


car | (Diora Die] 
| 


0 
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and from (4.13.6) that 


x x 
(4.13.8) ¢(X) = > e(2 { i dx —— J grt ax) = > Cy(X)8n5 


n 
0 


say. Plainly c,(X)—>0 when X>€. Also 


fee dx fe dy — fen dx f= dy 
a 


xX 0 0 xX 


x J 


x 
Hence c,(X) > 0 


] - 1 r 1 r 
c,(X)| = Se, (X =< {a — lim = [ andy = = [ dx, 
B leat = Zot) =f dBi a 


by (4.13.7), and >} c,(X)>1 when X—>€. Thus the conditions of 
Theorem 5 are satisfied, and the method is regular. 
The most important case is that in which 


x(z) = 1—e-""— (aw > 0). 


Then yp, = z | eta ja)—lyn da =— | ey du = T'(na+1), 
a 


x x © F 
ndy { andy — [ ady [ xdy) = 0. 
a“ x fe x J2 x fe x} i 


and the definition is 


(4.13.9) fe e-u > Peery = 8, 


In these circumstances we write 
(4.13.10) > a, = 8 (B’,a). 
In particular, when « = 1, we write 
(4.13.11) > a, = 8 (B’). 

We shall see in Ch. VIII that the definitions (4.13.11) and (4.12.4) are inti- 
mately connected and ‘all but’ equivalent. We were led to them in quite 
different ways, and their close connexion is due to the special properties of the 


exponential function. 
If “= 1, a, = 2", then 


| ene (22) 5 J 71-2) dy — 2 
n! 1—z 


when Rz < 1. Thus the B’ method, like the B method, sums > 2" in this half-plane. 
t If § < o, the upper limit o may be replaced by £—0 throughout. 
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We make the moment method more ‘powerful’ by increasing the magnitude 
of y,. Such an increase of power carries its disadvantages with it. Thus, if 


(4.13.12) dx == eWKilog 2)*7—1 da (k > 0), 
then. 
« «© 
7 
(4.13.13) py = f ellog 2)*gn—1 ga — J enkutinu dy — Hi (Zhen, 
0 —0o 
and the definition becomes 
C) 
(4.13.14) P| (£) { e- kur (> enu-nijtkg ) du = s. 
7 
—«o 


We shall see in § 4.15 that this method will not sum 1—1+1-—.... 
If €é=1, x =a for x <1, y= 1 for x >1, then p, = (n+1)- and the 
definition is 


1l—e 
lim f {¥ (n+1)a,2"} dx = s. 
<0 6 


This is plainly equivalent to the A definition. 


4.14. A theorem of consistency. There is no general theorem of con- 
sistency for moment constant methods: different methods may sum the same 
series to different sums. But there is a special theorem of consistency which is 
sometimes useful, in which we suppose that € = o and 


(4.14.1) x(x) = f (t) dt. 
0 


THEOREM 35. Suppose (i) that ¢(x) is positive and decreasing; (ii) that 
ba = f at p(x) dx 
ts convergent for n > 0; and (iii) that $(La)/p(x) is, for every fixed £ > 1, a decreasing 


function of x; or at any rate that conditions (i) and (iii) are satisfied for x > 2p. 
Suppose further (iv) that ¥ a,2z" is convergent for small z; and (v) that 


(4.14.2) i] (> ean) $2) dz = 8, 


80 that > a, 1s summable (u,,) tos. Then > a,2"isuniformly summable for0 < z < 1; 
80 that tt represents an analytic function f(z), which is regular on the segment (0, 1) 
and tends to s when z —> 1 through real values less than 1. 
This is a theorem of consistency because it shows that the sum s is fixed by 
the function f(z) independently of the special ¢(x) and jz, used in the definition. t 
It is plainly sufficient to prove the series uniformly summable in any interval 
0<8 <z<1. The series g(x) = > (a,,/u,)x" converges for all x, and 


J o@)$(x) de = 2, 
by (4.14.2); and the sum of ¥ a, 2” is 


(4.14.3) J ovexrb(ey ae = = [ oterg(2) ae, 


+ Compare the second proof of Theorem 17 in § 4.2. 
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if this integral is convergent. Now if X > 2, then 


a ca 


x” 
(x/z) 1, _ $(X/z) 
gx)p(2) dx = [ gerpny® g(z\pb(e) da, 
J aenle)ae= | aersen Sey a = Sexy | 


where X < X” < X’, by condition (iii). The outside factor does not exceed 1, 
and the second is numerically less than « for X > X,(e). Hence the integral 
(4.14.3) converges uniformly for 0 < § < z < 1, and the theorem follows. 

The conditions are satisfied, for example, if ¢(x) = e-4**a*-!, where A > 0, 
a>0,a> 0. 

As an application, suppose that 


> a,2"* = 1—az+-———_ = (1+z2)-4 


for small z. If we take ¢(z) = e~*, as in Borel’s method, we obtain the sum 
-2f,_ _@ a(at+l) o. 
| e (1 ant ane 2z3— .,.} dx, 
and the value of the integral is not obvious. It is much more convenient to take 
(x) = 2%-le-*, when x, = T'(n+a) and we obtain 


— 2 ye — rz . rz? 1 ree Se 
ra ° za(1 ~ qe ) ~ T@ ral? (t#)ee—4 dx = (1+2) 


provided only = Rz > —1. 


4.15. Methods ineffective for the series 1—1+1—.... In this section 
we illustrate the general principle stated in § 4.12 by showing how two ‘violent’ 
methods, one of ‘integral function’ and one of ‘moment constant’ type, fail to 
sum 1—-1+1~—....f 

(1) Let us take p, = e~°™, where c > 0, in the definition (4.12.1), and write 
e“ for x. Then, since 83, = 1 and 8,,; = 0, we have to determine whether 

>> e4om*-+2um /> e~cn*+un 


aot 1) 


tends to a limit when u—> oo. It is plain that we may replace this ratio by 
F,(u)/F,(u), where F, and F, are the sums extended from —oo to oo. Now 


a) Rw =a(5|?), 
and. B,(v--nz|7) = en M atr—anwing (y|7); 
and it follows from these formulae that F,(u)/F,(u) has the period 4c. Since it is 
plainly not constant, it does not tend to a limit. 


(2) Let us suppose x and p, defined as in (4.13.12) and (4.13.13). Then the 
sum of 1—1+1—... is defined as 


2) 
© 
(4.15.1) JE i) tv $ (—1)remeerea) du, 
cL n=0 
—o 
if this integral is convergent; and it is plain that the convergence will not be 
affected by replacing the lower limit of summation by —oo. But 


F,(u) = 3,(= 


Fu) =F (—1premanrine — 8,(4 1) — acon, 


+ See also § 4.10, for the failure of a violent method of Abelian type. 
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and it is easily verified that 
(n/2k)-+a a 
f e-ku® (4) du = (—1)" f e-*u* P(u) du 
n[2k 0 
for any a. It follows that the integral (4.15.1) is not convergent and the series 
not summable. 


4.16. Riesz’s typical means. The ‘typical means’ of M. Riesz are 
generalizations of certain means which we shall consider in § 5.16, and 
a full discussion of them would be more in place in a book dealing 
specially with the theory of Dirichlet’s series. We therefore dismiss 
them very shortly here. 

Suppose that A,, satisfies (4.7.1), that 


Ay(%) == Ag t+Ay+... +4, = 8, (Ay << An+1)> Aj(z)=90 (© <A); 
that « > 0 and that 


(4.16.1) A(w) =~ | Ay(x)(w—2)*-! dx > 8 


when w->oo. Then we say that > a, is summable (R,A,x«) to s. We 
have also, by partial integration, 


Aw) == i (way dAy(a) = > (1—*)"a,, 
0 


An<w ba 
We can write (4.16.1) as 
AS(w) = f $(a,0)Ay(x) de, 
where 
$= Ku-Mw—2y1 (0<a<w), $=0 (2 >a). 


Then ¢ > 0, ¢ = O(w-?) for large w, uniformly in any finite interval 
of x, and 


} $l, )| dz = i) ee cee 


Hence, after Theorem 6, 

THEOREM 36. Riesz’s typical means are regular. 

It is easily verified that the (R, 7, 1) method is equivalent to the (C, 1) 
method. We shall prove more than this in § 5.16. 


Another interesting case is that in which 4, = log(n+1), « = 1. 
We prove 
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TurorEM 37. In order that > a, should be summable (R,A, 1), with 
An = log(n+1), to s, it is necessary and sufficient that 
] 
log(n+1) 1) 
In other words, the means are then equivalent to the logarithmic 


means of § 3.8. 
If w = a , n = [q], then the definition (4.16.1) reduces to 


™— og mt? q+1 
(4.16.3) icgtgFl) TEST >, oa! BHI tig gti) Sati =< 


(4.16.2) (« ots 3424. +3285] > 8. 


and we have to prove this equivalent to (4.16.2). 
Let us assume (4.16.2), and write 


at pe Oy Mab tty tos tty 
Then U,, ~ slogn, so that u,, = o(logn) and s,, = o(nlogn). Hence the 
last term in (4.16.3) tends to zero. Also 


Un, = 


m+1 m+1 sm pait (=a) 
so that the sum in (4.16.3) is 


m 1 = = 
D,tm—5 < — 39, +8, 


n-1 U7 
Ps Ag -> te =e) 


because U,, = O(logn), and R,, is plainly O(1). Hence (4.16. ’) reduces 
to P, ~ slog(q+1), which is equivalent to (4.16.2). 

The proof of the converse is similar but simpler, since we may take 
w = log(n+1). 


4.17. Methods suggested by the theory of Fourier series. The 
series 


(4.17.1) $+cos 6-+-cos 26+... = >” cos n6t 

is fundamental in the theory of Fourier series. Its partial sum is 
_ Bg _ sin(n+$)0 

(4.17.2) 8,(0) = ps cosv@ = “Osngo ACP 


+ The dash implying that the term with n = 0 has a factor }. 
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and its means defined by (3.1.3) and (3.1.4) are 


(4.17.3) tn(0) = > Cnn D,(8); (4.17.4) t(x,0) = ¥c,,(x)D, (8). 
In particular the (C, 1) and A means are 
= 1 sin 4(m-+1)6)2 
(4.17.5) t,,(0) = iment | ; 
1—r? 
(4.17.6) t(r,0) = 


2(1— 2rcos0-+-r?)° 
The #,,(6) defined by (4.17.5) has the properties that 


tn(6) 0, + | ta() 46 = 1, 
and that ¢,,(9) > 0, when m — oo, uniformly in any closed sub-interval 
of (—7, 7) which does not include the origin; and the ¢(r, 6) of (4.17.6) 
has similar properties. It is on these properties that the applications 
of the methods to Fourier series are based, and other choices of a t,,(0) 
with the same properties lead to valuable methods of summation. Thus 


2-™-1P' (m+ 1)vr 


(9) = Pim-+4) (1-++ cos 6)” 
has the properties required. Since 
m — 91-m_ 2m! m(m— 1) 
(1-++cos @) 2 (mij? + oO Da ED) cos 20+...}, 
we are led to de la Vallée-Poussin’s definition (VP) 
m(m— 1) 
> =o im (at + Gt Im ta) a) 


In terms of s,, 
F ae 3m 5m(m— 1) ea, 
i. a (m+ 1)(m +2)" ¥ Gm 1)(m-+2)(m- +3) 
and it is easily verified that the method is regular. 
In these methods the coefficient of s, is non-negative. There are 
other methods, important in the theory of general trigonometrical 


series, in which this is not so. The most fundamental is Riemann’s, in 
‘which we define > a,, as 


lin 4() = lim x. ae: 


7 It is usual to write r for z here, and h for z in the ‘Riemann’ definitions. 
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the coefficient of a, is interpreted as 1. It is familiar that this method, 
usually called the (R, 2) method, is regular. In this case 


t(h, 0) = a (\0|< 2h), 0 (2h<O0<7) 


and t(h,@) has the Len SoHePpOnUNE to those of (4.17.5) and 
(4.17.6). 
More generally, summability (R,k), where & is a positive integer, is 


defined by ' 
> ae Ge ) er 
nh 


The method is regular for k > 1 but not for k = 1. 
Another method, closely connected with the (R, 2) method, but not 
equivalent to it, is the (R,) method defined by 
2 x sin’nh 
Oo 2 aa 
where the coefficient of sy in the sum is s interpreted as h. This method 
also is regular. 


4.18. A general principle. Most of the definitions which we have 
considered in the preceding sections may be presented as illustrations 
of a general principle. 

Let us suppose that F = F(a, 8,y,...) is a function of certain para- 
meters a, B, y,... which tend to limits «», Bo, yo;...; that A, B, C,... are 
the limit operations « > a, B > By, y > Yo,---; that 

PF = ABC... F = lim { lim (lim ...)} F; 
A->Xo B-Bo Yy~yo 
and QF = A’'B’'C’...F, where A’, B’, C’,... are A, B, C,... in a different 
order. We may ask whether 
(4.18.1) PF = QF, 
and the theorems which assert that this is true under appropriate 
conditions include many of the most important in analysis. 

We may also look at the equation (4.18.1) from a different point of 

view. Suppose, for example, that 


F = F(n,z) = Sa, art 


that « = n, B = x, and that A and B are the operations n > 00, x > 1. 
Then 


BF = lim 3 a,,2” = > dn; 
21 6 0 
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and PF = ABF = lim Ya, = 


no 0 


oMes 
& 
3: 


if and only if > a,, is convergent. On the other hand, 
AF = lim ¥ ay, 0” = > a,x" = f(x), 
no 0 - 0 
say, whenever this last series is convergent for x < 1; and 
QF = BAF = limf(z) 


is Abel’s limit for the series > a,,. If PF exists, then QF exists and is 
equal to PF, but QF exists in many cases in which PF does not. In 
these circumstances we may take QF as the definition of the symbol 
PF, and agree to write PF when we mean QF. The utility of such 
a fiction is, of course, to be judged by its results. 

Again, for the J definition of §4.12, with p, > 0 for all n, 


= ($patne|/($ 702") 
Aisn—>o, Bisx>o; BF = s,, ABF = s if and only if s, > s; and 


BAF is the limit which we took as our definition. For the ‘moment 
constant’ definition of § 4.13 (with € = 00), 


ie a x 
F={ ( cn) d = an [am dy; 
° as . Die | . 


Aisn>o, Bis X >; 


so that ABF = s if and only if > a, converges to s; and 


x 00 
BAF = lim { a(x) dy = f a(x) dy. 
xX—00 Ff F 


We may sometimes wish to connect the operations A, B,... by relations 
between «, 8,.... Suppose, for example, that 


2 (n+) 
F = F(n, p) = » ( —a) "m. 
0 


Then lim F = > dp, lim lm F = ¥a,, 
me) 
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when the series is convergent; and it is easy to prove that, when n > ©, 
F -> > e-™/?a,, whenever the last series is convergent ; so that 

lim lim F = lim > e-™?a,,, 

po nro po 
which is Abel’s limit, whenever this limit exists. Thus the ordinary sum 
and Abel’s limit correspond to the two repeated limits of F’. 

On the other hand, we may make n and » tend to infinity together. 

For example, if we suppose that n-+-1 = p, then 


Nl, m)\ __ Sot 8 t- Sn 
_ >. (2 ori) oe n+1 : 


and we obtain the (C, 1) definition. If we suppose that n-++1 = kp, we 
obtain what is very nearly the (C, k) definition of Ch. V.f 


NOTES ON CHAPTER IV 


§ 4.1. The general definition of a ‘Nérlund mean’ occurs first in Voronoi, Proc. 
of the eleventh congress of Russian naturalists and scientists (in Russian), St. Peters- 
burg, 1902, 60—1. There is an annotated English translation by Tamarkin, Annals 
(2), 33 (1932), 422~8. Voronoi’s article was a short note in a rare publication, and 
was unnoticed until Tamarkin called attention to it. A number of special cases 
of the definition, such as Cesadro’s, were, of course, already familiar. 

Norlung gave the definition independently in Lunds Universitets Arsskrift (2), 
16 (1920), no. 3. He (explicitly) and Voronoi (tacitly) assume that p,/P, — 0, so 
that the method is regular. 

§ 4.2. Of the two proofs of Theorem 17, the first is Norlund’s. The second, 
depending on Theorem 18, was given independently by Zygmund, Mathesis 
Polska, 1 (1926), 75-85 and 119-29, and by Silverman and Tamarkin, MZ, 29 
(1928), 161-70. Voronoi states the theorem, and his short indications show that 
his proof was on the lines followed by these later authors. 

§§ 4.3-4. Theorems 19 and 21 are due to M. Riesz, PLMS (2), 22 (1923), 
412-19. 

The condition (4.3.7) is also unnecessary when both > p, and > g, are con- 
vergent, but the question remains open when > py, < ©, > dp = ©. 

§ 4.5. Theorem 22 is proved, with a different purpose, by Szegé6, MZ, 25 
(1926), 172-87 (177). Szegé attributes the result to Kaluza. Theorem 23 seems 
to be new. I had originally inserted the additional condition p, = 0(g,), but 
Dr. Bosanquet showed me that this condition is unnecessary. 

§§ 4.7-8. Theorem 26, and a generalization for complex 6,, were proved by 
Jensen, CR, 103 (1886), 980 and 106 (1888), 835. See Pringsheim, Vorlesungen 
tiber Zahlen- und Funktionentheorie (Leipzig, 1916), 1, 308-10 and 938. 

Theorems of the type of Theorems 25 and 29 are familiar, and have been 
generalized by many writers in many directions. For these particular theorems 
see Dienes, 394-7; Hardy, PLMS (2), 4 (1906), 247-65; and Perron, MZ, 6 (1920), 
286-310. We can prove, a little more generally, that (4.7.4) and (4.7.6) are neces- 
sary and sufficient conditions for > a, = s to imply ¢(x) — s. 

+ See in particular § 5.16. 
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Theorems 28 and 30 were proved by Hardy in MM, 39 (1910), 136-9 and 
PLIMS (2), 8 (1910), 301—20 (318). 

§ 4.9. For A, = n, Stolz, Zeitschrift fiir Math. 29 (1884), 127-8: see Stolz und 
Gmeiner, Hinleitung in die Funktionentheorie (Leipzig, 1905), 2, 287-8, or Brom- 
wich, 252-5. For general A,, Cahen, AEN (3), 11 (1894), 75-164 (86-7): see 
Landau, Handbuch, 737-8, or Hardy and Riesz, 3-4. 

§ 4.10. For (4.10.1) see Tannery and Molk, 2, 10-13, or Hardy and Wright, 
280-2. 

Hardy, QJM, 38 (1907), 269-88, discusses the series (4.10.2) in detail, and proves 
the formula 


i°) 
ela a: (2+ 1) 
“Ve AV 1 e-aty_ ( Seay (2 +1) 7H flog a 
aa = > a"+1 n! tiga, - loga 2 mee, 


which shows the oscillations when y — 0 explicitly. The argument here is due 
to Maclagan- Wedderburn. 

§ 4.11. The appropriate references to the work of Le Roy, Lindeléf, and 
Mittag-Leffler are given in the note on §8.10. The proof of Theorem 32 is 
Lindel6éf’s. 

§ 4.12. Borel gave the general definition (4.12.1) in his earliest work on the 
subject: see Borel, 95. The regularity of the B definition was proved first by 
Hardy, TCPS, 19 (1902), 297-321 (298-300). 

§ 4.13. There is a very clear account of the simpler properties of the Stieltjes 
integral in Widder, ch. 1. 

Theorem 34 is proved by Good, JELMS, 19 (1944), 141-3, except that he 
supposes y absolutely continuous. We have ignored the case 


E< am, x(€+0)—x(§—-0) = D> 0, , 
which actually leads to a ‘trivial’ method, i.e. one summing convergent series only. 
In JLMS, 21 (1946), 110-18, Good proves a further theorem of the same 
character. 

§ 4.14. Theorem 35 is a corrected version of one stated by Bromwich (1), 
301-2. The conditions which he gives are unnecessarily strong in one way and 
inadequate in another. The example at the end of the section is his. 

Mr. Eggleston observes that we can dispense with condition (iii) if the integral 
in (v) is absolutely convergent. 

§ 4.15. The formulae used for the transformation of theta-functions will be 
found in Tannery and Molk, 2, 263 (Table XLIII). 

§ 4.16. For the general theory of Riesz’s typical means see Hardy and Riesz. 

§ 4.17. There are general accounts of the theory of the summation of Fourier 
series in Hardy and Rogosinski, ch. 5, and Zygmund, ch. 3. 

De la Vallée-Poussin’s method (VP) was defined by him in Bulletin de l’ Acad. 
Sc. de Belgique (1908), 193-254, and applied to the summation of the successive 
derived series of Fourier series. Gronwall, JM, 147 (1917), 16-35, proved that 
any series summable (C,k) is summable (VP). He also proved that the series 
> 2" is summable (VP) to 1/(1—z) in the interior of the outer loop of the limagon 


(1) [1+z]? = 4|z|, 


from which it follows that the VP method is stronger than the aggregate of the 
(C, &) methods. 
The VP method has very close relations to the (A,2) method. Thus Hardy 
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(l.c. under § 2.8) proved that the methods are equivalent for Fourier series; and 
Hyslop, PLMS (2), 40 (1936), 449-67, extended the equivalence to all series for 
which a, = O(nX). He also observed that > z" is summable (A, 2) inside the 
curve 

(2) , : r= ell (|0| <7), 

which includes the curve (1), except for the point z = 1, in its interior, so that 
there are series summable (A, 2) but not summable (VP). Later, Kuttner, PLMS 
(2), 44 (1938), 92-9, proved that (VP) — (A, 2) in all cases. 

Another method with very similar properties has been defined by Obrechkoff, 
CR, 182 (1926), 307-9. 

The Riemann methods are fundamental in the theory of trigonometrical series. 
Thus the regularity of (R, 2) is ‘Riemann’s first lemma’ and that of (R,) is his 
second. A good deal has been written recently about the relations of (R,k) and 
(C,t). Thus Verblunsky, PCPS, 26 (1930), 3442, proved the implication 
and Kuttner, PLMS (2), 38 (1935), 273-83, proved (R,1)—»(C,1+8) and 
(R, 2) -» (C,2+5): here 6 is any positive number. Kuttner gives other references. 

Marcinkiewicz, JLMS, 10 (1935), 268-72, proves the ‘incomparability’ of 
(R, 2) and (R,). See also Kuttner, PEMS (2), 40 (1936), 524-40; Hardy and 
Rogosinski, PCPS, 43 (1947), 10-25 (where it is shown that the methods are - 
incomparable even for Fourier series). 

§ 4.18. For all this see Hardy and Chapman, QJM, 42 (1911), 181-215. 


Vv 
ARITHMETIC MEANS (1) 


5.1. Introduction. The simplest method of summation of a 
divergent series is the first method of §1.3. There are many important 
generalizations of this method, and in this chapter we shall discuss 
some of them more systematically. We shall find it convenient to 
change our notation, writing A, instead of s,, and A for the sum of 
the series instead of s. Thus > a, = A (C, 1) means 

tim 40t Art t4n 4 
n+1 
We shall also sometimes use A for the series, as well as for its sum, 
and say, for example, that ‘A is summable (C, 1)’ (naturally to sum A). 


5.2. Hélder’s means. The most obvious generalization is that first 
made by Hélder, who defined a sequence of methods which we shall 
call the (H,&) methods. 

The (H, 1) method is the same as the (C, 1) method: thus 


1—1+1~—... =} (H,1). 
The method fails for 1—2+3—4-+-..., since here the A, are 1, —1, 2, 
—2, 3,..., and =e Apt Ayt...tAy 4 
. n+1 


is 4(n-+2)/(n-+1) if m is even and 0 if n is odd. We can, however, obtain 
a limit by repeating the averaging process; for the first of these values 


is $+0(1), and so me Hy+-Hi+...+Hh 1 
e nti 4. 
Similarly, three averagings will give 4 as the sum of 1—3+6—10+.... 
We are thus led to define summability (H, k), for any positive integral 
k, as follows. We define H%, for k = 0, 1, 2,..., by H9 = A, and 
yet — ttt 
? n+l 
If H* + A when noo, then we say that > a, is summable (H,k) to 
sum A, and write 
(5.2.2) Ay +Q,+a.+... => A (H, k). 
By summability (H, 0) we mean convergence. 


(5.2.1) 


{+ We write H}, H3,... rather than H®, H®),... for convenience in printing: the indices 
cannot be read as powers. 
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5.3. Simple theorems concerning Hélder summability. We 
shall find that Holder’s definitions, although the most obvious 
generalizations of the (C,1) definition, are for most purposes not the 
most convenient. They have, however, certain advantages. In parti- 
cular, if we write H*(A) for the H* formed from the partial sums A,, 
and denote the sequence (H*(A)) by H*(A), then it is obvious from the 
definitions that 

HY{H"A)} = Hi{H*(A)} = Ana); 

and this makes the proofs of some theorems particularly simple. 

TurorEM 38. If >a, = A(H,k), where k > 0, and k’ > k, then 
> a, = A (H, k’). 

This follows at once from the definitions and Cauchy’s theorem of 
§ 1.4. 

THEOREM 39. If > a, = A (H,kh), then A, = o(n*) and a, = o(n*). 

For H* = A-+o(1) and so 
Hk- = (n+1)H'¥—nH*_, =0(n), H#-* = (n+1)Hk-1—nHk=} = O(n), 
., A, = H9 = (n+1)H!—nHl_,=0(n*), dy = Ag—An-1 = 0(n*). 

This is the ‘limitation theorem’ for the (H,&) method. It shows, for 
example, that (as we saw directly in §5.2) the series 1—2+3—44... 
cannot be summable (H, 1). 


The next theorem reveals some of the inconveniences of the Hélder 
methods. 


THEOREM 40. The (H,k) method has the properties expressed by 
(x) > C no C> ay, (B) > (@,+5,) = > a,z+ > by 
(y) Ay t+Q,+4,+... = Ag+ (Ay +4_+...), 

(8) Ap+ (a,+4,-++...) — Ag ta,+a,+... . 

Here each equation is to be interpreted in the sense ‘if the right-hand 
side has a value, in the (H, &) sense, then the left-hand side has a value 
in the same sense, and the values are equal’. Thus (5) means ‘if 
a)+a,-+... is summable to A, then a,+a,+... is summable to A—a,’. 

The properties («) and (8) are trivial (and true of any linear method). 
If k = 1 and 6, = a,,,, then B, = A,4,—G) and 

Bot Bit. +B, m+2(AotArt..tAnu_). 
n+1 ~~ n+l n+2 oP 
and (y) and (8) follow. But the relations between the means of the a, 


and the b,, are not simple for higher values of k, and we postpone the 
rest of the proof to § 5.8. 
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5.4. Cesaro means. The Holder means were defined by a process 
5> .5> .8>..., where > is summation from 0 to n and 8 is division 
by n-++1, operating on A, A,,.... The Cesiro means are averages defined 
by & summations followed by a single division. 

We write 


(5.4.1) Al =A, =a)ta,4+...fa,,.., AB = ARI4 AR14 4 AR, 
and H* for the value of A¥ when a, = 1 and a, = 0 for n > 0, ie. 
when A, = 1 for all n. If 


(5.4.2) Ck(A) = Ak/Hk +A 
when n oo, then we say that > a, is summable (C,k) to sum A, and 
write 


(5.4.3) Qy+a,+a,+... = A (C,&). 
It is easy to express A* explicitly in terms of A, or a,. We have 


eae Sem( Be SCH 
and | 
> Akam = (1—ax)- } Ak-lyn — (1—x)-2 } Ak". 
= (l—2z)-* ¥ A,a” = (1—2)-*4 Ya, x”. 
Thus > Ak gn = > ee ‘}e > A,,x” 


and 


nm—v+k—l1\ , _ v+k—1 
(5.4.4) Ab = > ( sae )4,=>( ae net 
Similarly, 


(5.4.5) Ak = >: Ee = > 7) 


If ag = 1 and the remaining a, are 0, then A* reduces to (7) 


Hence 
(5.4.6) pe — (M+R) _ (K+ IE+2)...(+m) 
a . k n! 
Also n+k = rer (m+k) 
k ~T . 
so that summability (C, %), to sum : may also be defined by 
(5.4.7) kin-*Ak > A, 


+ Here we use a natural extension of the convention of §3.1. A sum Liq, By_», 
without limits, is extended over those v for which vy and n—vy are non-negative, i.e. 
over Oc vc n. 
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More generally, we have 
> Aka" = (l—a)-*"- > Akan,  Y Aka® = (1—2x)F-*§ S Afar; 
and so 


(5.4.8) AK = >| kd } 4k. 
k __1T\ k'—k k 
(5.4.9) Ak = > ( 1» ; \4n-, 


These formulae are essentially the same, since 


Pr) oT) 


so that (5.4.9) is (5.4.8) with k and k’ interchanged; but the forms 
given are the most convenient when k’ > k. Since the coefficient in 
(5.4.9) is 0 when (k’ and k are integers and) v > k’—k > 0, it may also 
be written as 


Ak k’—k k’'—k Ak 
5.4.10 = —] v 4 . 
(5.4.10) b= > (0 ("yan 
We can use (5.4.10) to define A* for negative k. Thus, if k = —p 
and k’ = 0, it becomes 


Ax? = A,— ({) 4nat (5) 4n-2—- = (PAPA, _». 
In particular 

(5.4.11) Az = —AA,_, = A,—An-1 = Gi 

and it is often convenient to use this convention. 


5.5. Means of non-integral order. We have supposed so far 
(except in the last paragraph) that k is a positive integer, but the 
formulae (5.4.4)—(5.4.7) remain significant for non-integral k, and enable 
us to give more general definitions. 

If & is a negative integer, and we define H* either by (5.4.6), or as 
the coefficient of 2" in (1—z)~-*-1, then H* = 0 for n > —k—1, and 
definition (5.4.2) fails. We must therefore exclude these values of k, and 
it proves best to suppose that k > —1. We then define Af by (5.4.4) or 
(5.4.5), EE by (5.4.6), and summability (C,&) by (5.4.2). The asymp- 
totic formula for E* is still valid if we interpret k! as ['(k+1), and we 
can use (5.4.7) with this interpretation. 

To show the desirability of the restriction k > —1, we suppose 

DL ane* = (1—2zy?, 
where p is positive and non-integral. Then 


a, —PPt.(ptn—1) PO 
a n! T'(p)’ 
4780 H 
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so that > a, is a divergent series of positive terms. But > Aka" = (l—zx)-*-1-?, 
‘and in particular > A7?-12" = 1. Hence Az?! = 0 forn > 0, and so (if we do 
not restrict k) > a, is summable (C, —p—1) to sum 0. It would be very incon- 
venient for most purposes to attribute a finite sum to a divergent series of positive 
terms.T 

We shall therefore suppose generally that k > —1; but it is sometimes con- 
venient to use a special definition of summability (C,—1). We shall say that 
> a, is summable (C, —1) to sum A if (i) it converges to A and (ii) a, = o(n=). 

If Ak = O(n*) then we shall say that A, is bounded (C,k), and write 

A, = O(1) (C,&). 
More generally, by 
A,, = o(n') (C,&), A,, = O(n!) (C,k), 

we shall mean Ak = o(n'+*), Ak = O(n'+*), 


And we shall use similar notations for other methods of summation: thus 
> 4, = O(1) (A) will mean that ¥ a,2" = O(1) when z > 1—0. 

In what follows we shall sometimes work with a general k and sometimes 
restrict k to integral values. Most of the theorems with which we shall be 
concerned are true for all k > —1, but the proofs are often much simpler for 
integral k. Thus we have often to use the difference 

Afu, = U,— (7) etna (5) stars > . 


This is a finite sum when & is integral, but the generalization for non-integral k 
is an infinite series, and this often leads to serious complications. In such cases 
we shall usually suppose k integral. 


5.6. A theorem concerning integral resultants. The sum 


(5.6.1) C= Y a,b, = > 4,b,_, = > ay_,b, 
p+e=n 

and the integral 

(5.6.2) c(a) = | a(t)b(x—t) dt = | a(z—t)b(t) dt t 


are called the resultants of a,, 6, and a(x), b(x). There is one pair of 
theorems concerning such resultants which we shall use repeatedly, and 
which will be particularly important in Ch. X. 


THEOREM 41. [fr > —1, s > —1, and 
in+-r nt n+s nt 
(5.6.3) Qn ~~ ( r Ja ret)” bn ( Je B, 


; 8 ~ I(s+1) 
then 
n+r+s+1 nrtett 
5.6.4 ~ ~ ——___ af. 
( ) on ( rts+l Jag T@pepa)? 
+ Though some definitions do this: thus 14+2+44+...= —1 according to the € 


definition of §1.3. See also §§ 13.10 and 13.17. 
{ Here we use a convention similar to that of § 5.4: the range is O< ¢ < x. The 
German equivalent of resultant is Faltung. 
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TrErorEM 42. If r > —1, s > —1; a(x) and b(x) are integrable over 
any finite interval of positive x; and 


(5.6.5) a(x) ~ ax’, b(a) ~ Bas 
when x -> 00; then 
(5.6.6) aye paren, 


In these theorems a,, ~ tea Q,..., (2) ~ a2’,... are to be interpreted 


aS A, = 0(n’),..., @(z) = o(2"),... if « or B is 0; we leave the necessary 
modifications of the proofs to the reader. There are similar theorems in 
which hypotheses and conclusions involve O instead of o. 


Theorem 41 may be deduced from Theorem 42 by taking a(x) = a, 
and b(x) = b, for n <# <n+1, when c(n+1) reduces to c,. 


In proving Theorem 42 we may suppose « = 8 = 1. We choose 
5 = 8(e) so that 


(5.6.7) 0<56 <j, atl < (r+ lye, d8t1 < (s+l)e, 
and also 


1 1-8 
—Prt+yrst) _ ff ayy (1 —u)s : 
0 


and write 


ba (1—S)z x 
(5.6.9) om) = ft fo + f = exe) +ea(x)+e(2). 
0 dz (1~8)a 


When 8 is fixed we can choose 2%) = %)(5, €) = Xp(e) so that 


(1—8)z (1-—5)z 
(1—e) J ut(x—u)* du <,(x) < (1+) : ul (z— za: 


1-8 . 1-8 
(1—e)artstt J ur(1—u)? du <¢,(x) < (1+e)atts+t i) u’(1—u)* du, 
8 5 
for x > 2. It follows, after (5.6.8), that 


r+s rt 


1-8 
fim 29) < (1+) J u'(1—u)§ du < (1+6)y, . 


iim £247), S8) ic uf(1—u)? du > (1—ey—e. 
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On the other hand, there are numbers H and K such that |a(x)| < Kar 
and |b(x)| < Ka* for « >H. Hence if, as we may suppose, 51, > H 
and (1—5)x, > H, we have 


bz H da 
\c,(x)| < Ka { |a(u)| du < Kas [ |a(u)| du +K2t [ur du 
0 0 H 


H 
< Kz* [ |a(u)| du 4 KAO gr soi, 
> J r+1 


It follows from this and (5.6.7) that 


grts+1 ~~ 


|¢4(x)| 29 2 
lim < K?_—— an <K €, 


and there is plainly a similar inequality for |c,(z)]. 
Collecting our results we see that 


lim c(2) < lim ae) +lim fim !°1()| 4 iim |¢s(x)| < (1+e)y+2K%e, 


grtstl ~ yh +e41 grtst+l artstl 
PR C2)  ¢ (=) |¢,(x)| |es(x)| 
lim 0H > zw ae er — im ers —lim m0 at > (1—e)y—(1+2K)e, 


and so that c(z) ~ yaTts+}, 


We can, of course, prove Theorem 41 directly in a similar way, the part of 
the formula 


7 J ul (x—u)s du = Trt 1)T(s+1) grtsth 


T(r-+s+2) 
being played by an identity between binomial coefficients, viz. 
ee ee) _ eaeuey ‘) 
way) > ( r 8 ~ \ rtet1 /* 


5.7. Simple theorems concerning Cesaro summability. We 
begin by proving the theorems for Cesiro means corresponding to 
Theorems 38-40. 


THEOREM 43. If k’ > k > —1 and > a, = A (C,h), then 
da, =A (C,k’). 
For, if k’ = k+8, then 


A¥ = > eae ') 4k k 


by (5.4.8); and Ak ~ Tr )4 It follows from Theorem 41 that 


kt, n+k+és _ ipa 
AF ( k-+3 A h’ A. 
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In particular, taking & = 0, and writing k for k’, we have 
TarorEM 44, If k > 0, then the (C,k) method is regular. 


Since the coefficients in C¥(A) are non-negative when k > 0, it follows 
from Theorem 9 that the method is totally regular in the sense of § 3.6. 


It is instructive to deduce Theorem 43 from Theorem 2. If we express Ck(A) in 
terms of Ck(A) from (5.4.8), with k’ = k+8 and v,n—v interchanged, we find that 


CR(A) = X en» CHA), 


where fay = (mogte neta) (nee) 


fory <nandc,, = 0 fory >n. Then cy, > 0, cy, = O(n-*-1) when » is fixed 
and n —> 00, and }c,, = 1 by (5.6.10), so that the conditions of Theorem 2 are 
satisfied. Also, since c,, > 0, Ck(A) —> o implies Ok'(A) > oo. 


Theorem 43 remains true for k = —1, if we use the definition of 
summability (C,—1) given in §5.5, but it needs a different proof. 
Actually rather more is true. 


THEOREM 45. If >} a, converges to A, and a, = O(n-"), then 


> a, = A (C, —14+8) 
for every positive 8. 


We may suppose A = 0and6 <1. We write 
pray AAS PTEN, LIST SK 
(671) ARDS (PT) E+ FASS 
where NV = [wn],0< mw <1. Then 


] Not I Né ow 
S = - -1 —_j}—= ———_—_j = 5-1 
i= fp) + >, 0090 (5) = ofFy) = 80S") 
uniformly in w. We can therefore choose w so that 
(5.7.2) [S| < end-1, 


Next, if b= (ean ‘) U,— Uy = ("3 | = O(-*); and 


(5.7.3) Sy = Uy Q,_nttyis On_n_it-.- +Upn UH 
= A o(thy—~ Uy 1) +A (Uy 1 —Un—2) +. + An—w—a(Uysa—Uy) +An—w UN 
=" F70(1)0(nP-2) +.0(1)O(n8-2) = o(n?-), 
v=0 


Finally, it follows from (5.7.1)—-(5.7.3) that n1%471+5 — 0, ie. that > a, 
is summable (C, —}--5) to sum 0. | 

THEOREM 46. If k > —1 and Da, = A (C,k), then Ak = o(n*) for 
ki <k. 
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This is the ‘limitation theorem’. It is not necessary here to suppose 
k’ > —1, in particular the result is true when k’ = — 1, A” =a, 


We take A = 0, so that A* = o(n*), and write k’ = k— 5, so are 
6 > 0. Then, after (5.4.8) and (5.4.9), 


ae =D (TPA = Dora = Daan, 


say. If 6 is an integer then, by (5.4.10), A® is a linear combination of 
5+1 of the A*, with coefficients whose moduli are all less than 
(1+1)> = 2°; and so AX = o(n*). 

If 6 is not an integer, then ['(—8)d, ~ n-®-1 and ¥ |d,| <0. We 
then write 


(4n] 
AK — ( SE ) d, Ak_, = S,+8,. 
0 [an]+1 


Here 


IS] < ps 4, [| Any] = > Id, ||o(n*)| = o(n® ¥! |d,|) = o(n*), 


n n—[tn] 
IS] <> [d,|.AE,| = O(n" Spt) = O(nk->) = olny, 
lin} +1 1 
since k > —1 and 6 > 0; and the theorem follows. 


THEOREM 47. The (C,k) method has the properties (x)—(8) of 
Theorem 40. 


It is only necessary to prove (y) and (5). We have to show that, if 
b, == G4, then either of > a, = A (C,k) and > b, = A—a, (C,k) im- 
plies the other. But 

> Aka” = (1l—a)-*-1! § a, x” = (1—x)-*¥-Yag+a > b, 2). 

Hence Ak = Hk a+ Bk_, for n > 0, and the conclusion follows. 

THEOREM 48. If > a, 1s summable (C,k), where k > —1, then 
an = (Gn — Fmt) + (Gm41—Am4e) +. (C, k). 

We may suppose, after Theorem 47, that m = 0. If b, = a,—Qn41 

then B, = a)—4,,,, = %—Upy,; Say, and 
—v+k—l1 n+k hs 
Br = > (" ae J(a—m,) as ( “ Jao UR. 
Now > u, is summable (C,k), by Theorem 47, and U%-~1 = o(n*), by 
Theorem 46. Herice Bk ~ ("ya and > 6, is summable (C,k) to 
sum Qo. 


The theorem may be stated in the form if > a, is summable (C, k) then 
a, > 0 (C,k), and is also true (and trivial) for k = —1. 
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5.8. The equivalence theorem. Our next theorem is distinctly 
more difficult. 

TuzorEM 49. The (C,k) and (H,k) means are equivalent: if > a, is 
summable (C, k), then it is summable (H, k) to the same sum, and conversely. 


Here naturally & is integral, since we have defined Hélder means only 
for integral k. We begin by proving 


THEOREM 50. If 


89 +8. +8, 
(5.8.1) NM, = are os a 
then the hypotheses 
(5.8.2) 8,>8 (C,k),  m,>s (C,k—1) 


are equivalent. 


We define s* as we defined A* in § 5.4, so that 
(5.8.3) = ("Yona 


and mk, C¥(m) similarly. We have, by partial summation, 


> +p)u, = (n-+-p)u,— ‘yaa (n+p+1)u;,—us,, 


v=0 


for any p and n. Hence, since s, = (n+-1)m,, we derive successively 


a= > (v-+1)m, = (n+2)mi—m2, 83 = (n+3)m2—2mi8...., 


(5.8.4) sk = (n+k)mk-1— (k—1)mk; 
and from (5.8.3) and (5.8.4) it follows that 
(5.8.5) Ck(s) = kCk-1(m)—(k—1)Ck(m). 


First, Ci~1(m) > s implies Ci(m) > s, and so Ci(s) > s. 
Secondly, suppose that Ck(s) > s. Since mk-1 = mk—mk_,, (5.8.4) is 


== (n+1)mh—(n+k)mi_, 


or 

(5.8.6) C¥(s) = (n-+-1)CE(m)—nCk_,(m). 
From this it follows that 

(5.8.7) (n-+1)C%(m) = OF(8)-+C¥(s)+...+.0%(8), 


and therefore that C«(m) —> s. Finally, (5.8.5) shows that C*-1(m) > s. 
This proves Theorem 50: and it is easy to deduce Theorem 49. For, 
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applying Theorem 50 k times in succession, we see that the hypotheses 
Ci(A) >A, CK-YHYA)}>A, ..., Cl{H*-(4)}> A, H#(A) >A 
are all equivalent. 


It is plain that Theorem 40 (§ 5.3), the proof of which we postponed, 
now follows from Theorems 47 and 49. 


5.9. Mercer’s theorem and Schur’s proof of the equivalence 
theorem. Schur’s proof of Theorem 49 is similar in principle, but 
makes the relations between the various matrices involved more explicit. 
It depends on an important theorem of Mercer. 

THEOREM 51. If a > 0 and 
(5.9.1) t,, = «8,-+(1—a)m, > s, 
then s,, > s. 

We define m_, as 0. Then s, = (n+1)m,—nm,_, for n = 0, 1, 2,..., 
and 
(5.9.2) ty = (an+1)m,—oanm,_, (n = 0, 1, 2,...). 

We choose qo, 4}, 42)--. 80 a8 to satisfy 


Then 
—latl 2a+1 (n—1)at+1  —T(n+8) nB-1 


"a 2 ° 8a no ~ T(p)Pn+1) ier T(p)’ 
where 8 = 1/a«; and ai 
(5.9.3) Jot Ut--+In ~ T(e+1) ~ (on+1)dn- 


Multiplying the equations (5.9.2) by qo, q,..., adding, and using (5.9.3) 
and Theorem 12, we obtain: 
 Gotothht--tIntn 8; 

(an-+1)d, 
and it follows from (5.9.1) and (5.9.4) that s,—->s. This proves 
Theorem 51. 

We use the following notation. If the transformations T and U are 
the same, i.e. have the same matrices, we write T= U. If T and U . 
have coefficients c,,,, and d,,,, then «I+ U is the transformation with | 
coefficients oCyn+Pdmn. If t = T(s), as in §3.1, and u = U(é), then we 


ES w = Uf{T(s)} = UT(s). 
If UT = TU, we say that T and U are commutable. We write T? for 
TT, T? for TT?, and so on. 


(5.9.4) Mn 
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If T has an inverse, i.e. a transformation S such that ¢ = T(s) 
implies s = S(t) and conversely, we write T-! for S. If E is the identity, 
ie. the transformation t,, = 8,,, then T'T = TT-1 = E. A triangular 
transformation in which c,,,,, 0 for all m has an inverse. 

We write H™ and C® for the (H,k) and (C,k) transformations, and 
H, C for H®, C®. Thus H = Cand H® = H*. If (m+-1)t,, = s9+---+8m 
then s,, = (m+1)t,,—mt,,-,. Thus the matrices of H and H-! are 


1oo0oo0. . 1 oO 90 90 

0 0 —1 2 090 
Hi—_{? 2 e oe = | oe 

| tea 0 —2 3 0 


Since 47-1 = Ar—Af_, and ag Ct(A) = Af, we have 


1C5,*(A) = (n-+r)CZ(A)—nC7,_1(A) 
= {(n+1)C;(A) —nC5_1(A)}+(r—)C;,(A) 5 
and so rCr-) = H-1C+ (r—1)O®, 
(5.9.5) HCt-) = pC+(1—p)HC” = S”Cm, 
where p = 1/r and S® is the transformation 
S® = pE+(1—p)H. 


Hence H*-r+1C¢-) — Hk-SOC for 0<r<k. But H*- is com- 
mutable with H and with E, and so with S; and therefore 


(5.9.6) . He-r+1Cr-) — SOHFC) (O<rc< hk). 
We define T® by 

(5.9.7) T) = HE") (0<r<h), 

so that T — C™ and T® — H*. Then (5.9.6) is T¢-) = SMT; and 

therefore : Saale ce 

(5.9.8) tr-D — nip+(1 -) es eae 


i") being the result of operating on A, with T”. Hence, by Theorem 51, 
the hypotheses ¢%) > A and tf-)) > A are equivalent. That is to say, 
T and T¢-» are equivalent, and therefore T and T® are equivalent. 

It will be observed that here we use the transformations C®), HC#-)), H2Ck-),,.., 
H*, whereas in § 5.8 we used C®), Cé-DH, C#-9)H3,..., H*. Actually H? is com- 
mutable with C® for all p and g, so that H’C'*-") = C*-NH’, and the two sets 
of transformations are the same. This is not difficult to prove directly, but the 
full reason for it will not appear until §§ 11.3—4. 
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5.10. Other proofs of Mercer’s theorem. From the many other proofs of 
Theorem. 51 we select two. 

(A) Knopp’s proof. One proof, due to Knopp, has the merit of avoiding all 
algebraical calculations. We may suppose without loss of generality that s, is 
real; and it is sufficient to show that s,, tends to a limit. 

Given n > 0, we distinguish the two cases (a) 8, < m,, (b) s, > m,. Since 
8, = (n+1)myz—nMy_1, 8, <M, implies mMy_1 > my, (and 8 > Ma, 8) = My 
imply m,_, < m, and m,_, = ™,, respectively). 

(i) Suppose that 
(5.10.1) limm, = ©. 


Then, given G, there is a p for which m, > G. If n = p is in case (a), then 
Mp1 > Mm, > G. If also p—1 is in case (a), then m,_, > my_, > G; and so on. 
If all of p,p—1l,...,2 are in case (a), then m, > G, and this is impossible for 
large G. Hence one of these numbers must be in case (b), and there is a q such 
that s, >m, > G. But then 


tg = a8y+(1—a)m, = m,+0(8,—m,) > G, 


a contradiction for large G, since ¢, is bounded. Hence lim™m, is finite; and 
similarly lim m, is finite, so that m, is bounded. 
(ii) Suppose that (m, is bounded and) 


(5.10.2) l= limm, < limm, = L. 


Then there are numbers fA and H such that h < H and each of m, <h,m, > H 
is true for an infinity of n. Suppose, for example, that 


(5.10.3) My, <h, m, > H, q> Dp. 


If g is in case (a) then, as before, mz, > m, > H. If all of g,q—1,....p+1 are 
in case (a), then m, > H > h, in contradiction to (5.10.3). It follows that there 
is an r, greater than p, for which s, > m, > H and 


(5.10.4) t, = 08,+(1—a)m, = m,+a(s,—m,) > H. 


And, since p may be as large as we please, (5.10.4) is true for an infinity of r. 
Similarly ¢, < h for an infinity of r; and this and (5.10.4) together contradict 
the hypothesis that ¢, tends to a limit. It follows that (5.10.2) is false, and that 
m,, tends to a limit; and therefore, by (5.9.1), 8, tends to a limit. 
(B) Hardy’s proof. Another proof, by Hardy, gives rather more, in particular 
the extension of the theorem to complex a. It is convenient to begin by a trivial 
transformation of the theorem. 


We write Ung = A(8p +8, +... +8n), a = (a—1)/a. 
Then (5.9.1), with n—1 for n, becomes 
(5.10.5) Un—Un_1— aU,/n > 8, 


and positive values of « correspond to values of a less than 1. Mercer’s theorem 
asserts that u,—wu,_, and u,/n then tend to s/(1—a). We prove, more generally, 


THrorEM 52. Ifa = «+18 and a # 1, then (5.10.5) implies 


I'(n+1) sn 
[diese thea 


Un, = OC 


Ifa <1, then C = 0. 
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We may suppose that s = 0. We write 
T(n+1 
Uy, = fieno dn =fndn 
Then f, ~ n? and f,—fn_1 = af,/n. Hence 
Sn—(bn—Gn-1) = fnOn—fn—1Pn1—(fn—fn—aOn 
= Un_—Un_1— au, /n = 0(1), 
and so ¢d,—¢n_1 = 0(n-*). If « < 1 then 


on = $ot > ($m—¢m-1) = bot ¥ o(m-*) = o(n!-*) 


and Uy, = O(n)o(n'~*) = o(n). If a > 1 then the series > (4m—¢m_1) is con- 
vergent, ¢,, tends to a limit C, : 


oO ios) 
bn = C— ¥ (bnyi—bm) = C+ ¥ 0(m—*) = C+o(n'-*), 
n nN 
and u, = Cf,+0(n). 

There are theorems of the same kind concerning ‘asymptotic differential 
equations’, and one particularly simple theorem which we shall use later, viz 

THEOREM 53. If f(x)+/'(x) — 0 when x — oo, then f(x) > 0. 

This may be proved directly as follows. If f’ is of fixed sign from a certain x 
onwards, then f is monotonic. Thus f tends to a (possibly infinite) limit J, and 
jf’ —> —1; and these conclusions are contradictory unless 1 = 0. If, on the other 
hand, f’ assumes values of either sign for values of x beyond all limit, then f > 0 
when #->oo through the values which make f a maximum or minimum, and 
therefore when « —> co in any manner. 


5.11. Infinite limits. It is natural to ask whether the equivalence theorem 
extends to the case in which the limits are infinite. Here the answer is negative. 
TurorEM 54. If 8, —> 0 (C,k) then 8, —> 00 (H,k). The converse is false when 
k> 1. 
Here again k is integral. It follows from (5.9.5) that 
H = CM, H? = HC® = 4C@)44HC®), 


H? = }HC®)+ 4H2C — 4C®+4 PHC + PH2C0), 
and generally 


k-1 
(5.11.1) Ht = ¥ a, H°C®, 
p=0 
where a;,, > 0. Hence 
k-1 
(5.11.2) HK(s) = > ay,» HR{C(s)}. 
=0 
Also 
* 
(5.11.8) H{C%(8)} = ¥ nog OP(6), 
a=0 
_ where hy» > 0; and it follows from (5.11.2) and (5.11.3) that 
n 
(5.11.4) AX(s) = > by, naOe(8)s 
e=0 
k—-1 
where Bina = 2 %,pny,q > 9- 
p=0 


Consideration of the case in which s, = 1 for all n shows that ¥ by ng = 1. 


108 ARITHMETIC MEANS (1) [Chap. V 
The equivalence theorem shows that the transformation (5.11.4) is regular, 

and, since 6; 4,¢ > 0, it satisfies the conditions of Theorem 9. Hence 

(5.11.5) lim O{(s) < lim H&(s) < lim HX(s) < lim C{*(s), 

and s,,—> 00 (C, k) implies s, — oo (H,k). This proves the positive half of Theorem 

54. 


To prove the negative half, suppose that k > 1 and C{8)(s) = 2m, Ci, ,(8) = 0. 
These equations define a sequence (s,) for which 


lim O(/(s) = 0, lim Cf(s) = ow, 
and H,,{C)(s)}—> oo. By (5.11.2), HE(s) > a,,H,{C™(s)}—> oo. Thus s,, > 00 (H,k), 
but 8, —> 00(C, k) is false. 


5.12. Cesaro and Abel summability. Theorem 43 shows that 
the strength of the (C, &) methods increases with k. Our next theorems 
show that the A method is stronger than any of them. 

THErorEM 55. If > a, = A (C,k), for some k, then > a, = A (A). 

THEOREM 56. There are series summable (A) but not summable (C, k) 
for any k. 

We need a lemma, important in itself. 

TurorEM 57. Jf d,>0, }d,=0, Dd,x™ is convergent for 
0<-2<I,andc, ~ Ad,, where A + 0, then 

C(x) = DSc, 2" ~ AD(xz) = A Sd, x" 
when x -> 1. 

We may suppose c,, real and 4 = 1. Then c,/d, lies between 1—e 

and 1-+-« form > N = N(e). Hence, on the one hand, 


N oo N 
C(x) = De, 2"+ DY ¢, 2” < (1+€)D(x)+ D leq le*, 

6 NF1 0 

and on the other 
C(x) > (1—e)D(x)— > d,, x" — > lc, |a™. 
Since 
lim D(x) > lim s d, x" = Dy 
0 

for every NV, and so D(x) — 00, it follows that 


Ole) Ole) — | 
lim gy Site  limpGy > 1-6 


and therefore that C(x) ~ D(z). 
Theorem 55 is a corollary. We may suppose A #0. Then, as in 


§ 5.4, Ak an Ak gn 
ft) = Lage = RAAT, = Be 


and Ak ~ AEE, so that f(x) > A. 
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To prove Theorem 56, we define a,, by 
(5.12.1) f(z) = 0+) = Sa, x”. 
Then f(x) is regular except for x = —1, so that the series is convergent 


for |z| <1; and f(x) > et when x>1. On the other hand, a,, is not 
O(n*) for any k; for this would involve 


f(x) = O(y n* |x|") = Of(1—|2|)-*-4}, 
uniformly in the circle |z| <1, whereas f(x) tends to infinity like 
eWA—Iz) when 2 -> —1 by real values. It follows from Theorem 46 that 
> a, is not summable (C,k) for any k. 


A more elegant example of a series with the properties desired is > (—1)"ecv*, 
where c > 0. The a, of (5.12.1) is roughly of this type, but the proof of this is 
more troublesome. 


5.13. Cesaro means as Nérlund means. The (C, &) means ae 
the (N, p,,) means with 


n= (CE) 9S (Ee oa 


The (H,k) means are not Noérlund means (except when k = 1). It is 

interesting to find examples of Nérlund means (a) stronger than any 

Cesiro mean and (b) weaker than any Cesdro mean of positive order. 
(a) We suppose & integral, and take 


_ [nt+k—1 =" 
P= (“a ), In = © s) 


when P, = O(n*), Q, ~ 2Vne*™; and define x,, by 
q(x) 

K(x) = > x, 2" = — = (1—2x) q(x), 
so that Ky = (—1)FAkevn—®)  2-kn-thevn 
forn > k. We have to show that summability (N, p,,) implies summability © 
(N,q,,), and we use Theorem 19. The second condition of the theorem is 
plainly satisfied, and it is enough to prove that 

> e--™)(n—m)-tm* = O(n ev”), 
the summation extending over 0<m<n. The terms in which 
m > $n give O(e"") with ac <1. Finally, 
m 


vn—*(n—m) > ap? 


evin—m) < evne—imivn 


ft We use «x for the k of § 4.3, since k is required otherwise. 
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and the remaining terms give 
O(er"n-* > mke-tmlvn) _— Ofer™n 4 (1 —e—int)-k-1} 
= Ofer™n-tknik+D} — O(Wnev”), 

(6) The means for which p,, = (n-+-1)-! have been called by M. Riesz 
t+k—1 
k—1 
(N, In) is (C, k). Then Pr < Pn-1Pn+> and PalPn-1 < InIIn-1 if 
(n+1)(n+k—1) > n*, ie. if n > (1—k)/k. Thus the conditions of 
Theorem 23 are satisfied, and summability (N, p,,) implies summability 
(C, k) for every positive k. 


‘harmonic’ means. We take q,, = (" ), where & <1, so that 


5.14. Integrals. The definitions for integrals corresponding to those 
of §§5.2-5 are as follows. We take the lower limit of integration to 
be 0, and suppose, to avoid minor complications, that a(x) is bounded 
in every finite interval (0, X).f 


We write 
zx 


Hx) = A(x) = | a(t) dt, H¥(zx) =i i Hk-\t) dt. 
0 0 


If H*(x) > A when 2 > ©, we write 
A(z)->A (H,k), — [a(z)de = A (H,h),t 
and say that the integral is summable (H, x) to A. If 


Ag(x) = A(z), — Ay(x) = f A, (t) dt, 


and k!x-*A,(x) > A, 
then we write 
A(x) -> A (C,h), J a(x) dz = A (C,k), 


and say that the integral is summable (C, k) to A. 
These definitions are for integral k. If k is integral, then 


(6.14.1) A, (x) = | A, -+(t) dt = | (x—t)A,_o() dt. 
0 0 


a ut | (e—t)F-1A (t) dt =a | (x—t)Fa(t) dt, 


by repeated partial integration; and these formulae suggest the exten- 


+ See the note at the end of the chapter. 
{ Integrals without limits being as usual over (0, 00). 
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sion of the definitions to non-integral k. We say that the integral 
f a(x) dz is summable (C,k), where k > 0, to sum A, if 

(5.14.2) 


OEY Ayla) = ex { 2—t)k-14 (t) dt = i (1—2)'at dt > A. 


The second form, with a(t), may be used for all k > —1. 
If A,(x) is defined by (5.14.2), and k > —1,1> 0, then 


x ‘5 , 
1 ¥ = 1 uate Z 
ro | (2—t)'-14,(t) dt = Te+nr@ J (x—t)-! dt J (t—u)ka(u) du 
0 


94) fy 7Vl-1 
= reer | of u)*(e—1)-4 dt 


(x—u)ktHa(u) du. 


1 
~ Tk+I+I sf 
Thus 


(6.143) Apale) = pp a (x—t)-14,(t) dt (> —1,1> 0). 


This is the analogue of (5.4.8). 


5.15. Theorems concerning summable integrals. There are 
theorems for integrals corresponding to most of those of §§ 5.3—11, and 
' the proofs are usually a little simpler than those of the theorems for 
series. There is, however, one important difference. If > a,, is con- 
vergent then a, 0, whereas there is no corresponding theorem for 
integrals. Thus there is no limitation theorem such as Theorem 46, 
and this destroys the analogy in some ways. ' 

We summarize the main results, leaving the proofs, for the most part, 
to the reader, and emphasizing only what points of difference there are. 

If | a(x) dx is summable (C,&), where k > —1, then it is summable 
(C,k’) for k’ >k. The proof depends on (5.14.3), and is otherwise 
similar to that of Theorem 43. 

The methods have the properties analogous to those of Theorem 40. 
In particular 


(5.15.1) a(x) dx = | a(x) dx + | a(x) dx (C,k) 
foonte—farae + j 
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if the last integral is defined as f a(c+y) dy and either side of the 
equation has a meaning. 

The (H, &) and (C, &) definitions are equivalent. This is most easily 
proved by a modification of the proof of § 5.8. We have to show that, if 
$,(2) is defined like A,(x) in § 5.14, and 


C¥(x, 8) = k!x-*s,(x), m(x) = = | s(t) dt, 
then the assertions : 
(5.15.2) C*(x,8) > 8, Ck-l(xz,m) > 8 
are equivalent. Now s,(x) = xm/(z2), 8,(2) = xm,(x)—m,(z),..., where 
m,(x) = f m(t)dt, m,(x) = f m,(t) dt... 


and generally 


(5.15.3) y(t) = amy_q()—(k—1)m, (2), 
by repeated partial integration; and this is equivalent to 
(5.15.4) Ck(a, 8) = kC*- (a, m)—(k—1)C*(x, m). 


From this it follows that the second of (5.15.2) implies the first. 
Next, (5.15.3) gives | 


8(z) _ ad (=, my{) __ ju dt, 


0 


and so C(x, m) = | C(t, ) dt. 
0 


Hence C*(x,s) > s implies C*(x,m) > s, and so, after (5.15.4), 

Ck-\(a, m) > 8. 
This proves the equivalence of the two assertions (5.15.2), and the proof 
of the main theorem then follows as in § 5.8. 


5.16. Riesz’s arithmetic means. The formulae (5.14.2) suggest a 
modification of the definitions of §§5.4-5. If & is integral then, in the 


notation of § 5.4, 
M+h\-2 S (n—v+k 
Cr) 20a 


v=0 


> (ae) aa) 


Cy(A) 


I 
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If here we replace all of n+ 1, n+2,...,n-+k by n, we obtain a new mean 


(5.16.1) RE(A) = > (12), 


more strictly analogous to the integral mean (5.14.2); and this led 
M. Riesz to suggest 

(5.16.2) RE(A) > A 

as a new definition. We may plainly allow k to have any positive value, 
but negative & are inadmissible. 

Riesz found, however, that this definition did not lead to satisfactory 
results; the means R*(A) have, for the larger values of k, properties 
quite unlike those of the corresponding Cesaro means. He was therefore 
led to modify the definition by the introduction of a continuous para- 
meter w. The means thus obtained are the typical means of § 4.16, with 


An = N. 
We write 
Ie k 
(5.16.3) R¥(w) = R¥(w, A) = asi ed = > (1-2) a,, 
w w 


vw 
where k > 0. If R¥(w)-> A when woo, then we say that >) a, is 
summable (R,n,k) to sum A. We then find that summability (R, n, k) 
is equivalent to summability (C,k). We confine our attention to integral 
k, the proof for general & being rather troublesome. 


THEOREM 58. If k is integral, and > a, is summable (C,k), then it 18 
summable (R,n,k) to the same sum; and conversely. 


We may suppose the sum zero. We have then to show that the 
hypotheses 
(5.16.4) A = o(n*), (5.16.5) T*(w) = o(w*) 
are equivalent. We suppose that w = »+46, where v is an integer and 
Oo<d<1. . 

(i) Assume (5.16.4). Since T*(w) = > (n—v+6)*a,, we have 


DY THw)a” = ¥ (n+6)ka” ¥ a,x” = g(x, 6) > Af x", 
where ! 
k k 
gle, 8) = (1a) S (n+ 6)ke* = (1—aytrt{n FE) = ¥ oO, 


and the coefficients c,(@) are polynomials in 6 of degree k. Hence 


F THw)er = ¥ o(0)ai F Akan, — THw) = > 6,(0) AE, 
n=0 j=0 n=0 


v=0 


and (5.16.5) follows, with the necessary uniformity in 6. 
4780 I 
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(ii) Assume (5.16.5), and suppose that 0<0@<6,...< 6, <1. 
Then we can determine qo, q),.--, d, 80 that 
k ke 
mot) = ¥ ap(n-+6,)* 
k r=0 
identically. For, if we equate the coefficients of different powers of n, 
we obtain a system of equations > 64q, = C,;, where j = 0, 1,..., k, in 
the g,, and the determinant of the coefficients is 
1 = TT (@—8n) # 0. 
i>m 
We then have 
SS [n—vt+k k 
Ak == > ( as Ja, = 2% T*(n+6,), 
=0 
and (5.16.4) follows. 
We add a few remarks to show the inadequacy of the definition (5.16.2). 
When k = 1, 
1 
OMA) = 5 >, (nt1—v)a, = Bh (A), 


so that the definition is equivalent to Cesaro’s; but there is no such equivalence | 
for larger k. Suppose, for example, that k = 2. Then 


1+-2 
2 (m+ 1)°Ray(A)o® = 3 (n+ 1a J aga” = (inz) » 2". 
If we define a, by 
Ya," = (l—xz)(1+e2)-? = ¥ (—1)%(n+1)%2", 
then a, is of order n?, and so > a, is not summable (C, 2); but 
> (n+1)?R2,,(A)o® = (l—w*)-? = 14 222+ 3at+... 

and #2(A) = O(n-) = o(1). 

When k = 3, (5.16.2) does not imply the summability (C,k) of the series for 
any k, or even its summability (A). For 

DY (n+ 1)" = (1—a)-*(14+ 40427) 

has a zero at « = —2+.,/3 = a, inside the unit circle. If we define a, by 
> &, 2" = (l—2)/(x—ax), then R3(A) = 0(1), but Sa,2" is convergent only 
for |z| <a <1. 

It is instructive to consider this question in the light of §§ 4.3-4. The (C, 2) 
means are the (N,q,) means with q(x) = } q¢,2" = (1—)-*; and 

T?(n+1) = (n+1)*R2, (A) 

is the coefficient of 2 in 


EY (n+1)%2" F a,2* = Spy" > A, 2%, 
1 
where Py = (n-+1f—nt = 2nt1, ple) = Spar — te, 


so that Ri,,(A) is the (N, p,) mean for this p,. In the notation of § 4.3 we have 
k(x) = (1+2)-! = 1-xz+2'-..., so that > |k,| = 00. The equivalence is 
destroyed by the zero of p(x) at x = —1, and it naturally fails more completely 
when p(x) has a zero with |z| < 1. 
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5.17. Uniformly distributed sequences. We end this chapter by 
a short excursion into a different field. 

We suppose that 0 < s, <1 for every n, and denote the interval 
O0O<a<a<b<Iby lI. Ifn,is the number of 5», 5,,..., 8, which fall 
in I, and n; ~ nI when n->0o,{ for every J, then we say that the 
sequence (s,,) is uniformly distributed in (0, 1). 

We denote the characteristic function of J, 1 in J and 0 elsewhere, ~ 
by I(a). If f(z) = I(x) then 

n+l] n+l 
Thus the assertion of uniform distribution is equivalent to the assertion 
that 


(5.17.1) f(8,) > f(a) dx (C,1) 


for every f(x) = I(x). We now prove 


TuEorEM 59. If (s,) is uniformly distributed, then (5.17.1) ts true for 
every Riemann integrable f(x). 


We may plainly suppose f real. If (s,) is uniformly distributed, then 
(5.17.1) is true for f(z) = I(x). It follows by multiplication and 
addition that it is true for any finite step-function. If f is Riemann 
integrable, then there are finite step-functions f, and f, such that 


fi<f<f, and 
0< [fide —[fide<e; 


ariel a2 Peas | fide, => Aas i fade. 
Also 


tim 4 >: fom) > lim 2S flow) = f fide > f fe) de —6 
0 0 

fim 1 > fem) < tim 1S flew = [fade < [fede +s 
0 0 


ae ae 
and therefore eager | > FS (8m) = | F(x) dx, 


which proves the theorem. 


_t We use the same symbol for an interval and its length. In what follows an integral 
without limits shown is over (0, 1). 
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We can find another criterion for uniform distribution as follows. If 
f(x) = etkniz — e(kx), 
where k is a positive integer, then f f(x) dx = 0. It follows that 
(5.17.2) > e(ks,,) = o(n) (k = 1,2,3,...), 
0 
if (s,) is uniformly distributed, or, what is the same thing, that 


(5.17.3) ¥ T(8_) = 0(n), 
0 


where 7x) is any trigonometrical polynomial without constant term. 
Thus (5.17.2) or (5.17.3) is a necessary condition for the uniform distri- 
bution of (s,). We now show that the condition is also sufficient. 


THEOREM 60. If (5.17.2) is true for every positive integral k, then (8,,) 
is uniformly distributed. 


First, (5.17.3) is true for every 7'(x). If 
ke 
1(%) = $a) +T (x) = 4ay+ D> (a,cos 2lrx+5,sin Alrax) 
i=1 


is any trigonometrical polynomial, then plainl 
y wig poly: y 
1 n 
nti > T(Sm) > $4g+ J T(x) dx = J +(x) dz, 
m=0 


and (5.17.1) is true for f(x) = 7(z). 

Next, if f(x) is any real continuous function, there is a 7 such that 
|f—7| <e in (0,1). If 7, =7—e, 72 = 7+e, then 7, <f<7, and 
J 7, dx, J 7,dx differ by 2e. It then follows, as in the proof of | 
Theorem 59, that (5.17.1) is true for f. Finally, if f(z) = I(x), then 
there are continuous functions f, and f, such that f, <f</f, and 
| f, dx, i} f, dx differ by less than e; and a repetition of the argument 
shows that (5.17.1) is true also for this f. Hence (s,) is uniformly 
distributed. 

Perhaps the most interesting case is that in which 

Sy, = na—[na] = {na}, 
where « is irrational. If « is a rational p/q, then s, repeats the cycle of 
values 0, 1/q, 2/q,..., (¢—1)/g, in some order, indefinitely. It is there- 
fore natural to expect (s,) to be uniformly distributed when a is 
irrational. In this case 
n n . [—etk(n+Drai 
> e(kity) = > etemvat = SI = Of) = o(n), 


for k = 1, 2,3,.... Thus (s,) is uniformly distributed, and we have 
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THEOREM 61. If « ts irrational, then the sequence ({na}) is uniformly 
distributed in (0, 1). 


5.18. The uniform distribution of {n?a}. There are important 
generalizations of Theorem 61. In particular, Weyl has shown that 
{P(n)} is uniformly distributed whenever P(n) is a polynomial 

My MP +o MP1... +a _1 1 
with at least one irrational coefficient. The proof is a good deal more 


difficult, and we confine ourselves to a special case, which is sufficient 
to illustrate Weyl’s main idea. 


THEOREM 62. If a ts irrational, then the sequence ({n®«}) is uniformly 
distributed in (0, 1). 


We have to prove (5.17.2), with s,, = {ma}, and, since ka is irrational 
when a is irrational, it is sufficient to prove that 


S, = >, erm'nat — O(n), 


Now |S, |? = > >. eX? —p*)not s "y’ e2iG+2p)rat 


p=0 q=0 p= Xia» 


on writing p-+j for g. Inverting the order of summation, we find 


| S ? = >> e2s* at ¥ etpimat 5S e2s* mat >) efpinat T, +7%. 


j=—n p=—j 


nm in-j tp; n — eln-j+Dinai n 
Here \T;| <2 px pirat => a — = 2 
and w, satisfies both the inequalities 
0<w m—j+1 < n+l, w; < |cosec 277]. 


Now |sin 2j7a| > m. where A, is the distance of 2j« from the nearest 
integer, i.e. of {2ja} from the nearer of 0 and 1. Since the numbers {2ja} 
are uniformly distributed, the number of them with j < n and ), < 7, 
and so lying in one of the intervals (0, 7) or (1—7, 1), is less than 3nn, 
for sufficiently large n; and then w; < (2)-1 for more than n+1—3yn 
of the j, while w; < n+1 for the remainder. Thus 
—— Ty _ (n+l Syn (nF 1) 
fim 73 < lim (toe J=s 


2 


and 7, = o(n?). Similarly 7, = o(n?); and so S, = o(n), which proves 
the theorem. 
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NOTES ON CHAPTER V 


§§ 5.2-3. See § 1.3. The papers of Frobenius and Hélder were published in JM, 
89 (1880), 262-4, and MA, 20 (1882), 535-49; and that of Cesaro in BSM (2), 
14 (1890), 114-20. Cesaro is concerned primarily with the multiplication of series: 
see Ch. X. 

§ 5.5. The definitions for general k were given independently by Knopp, 
Sitzungsberichte d. Berliner Math. Ges., 7 (1907), 1-12 [printed in Archiv d. Math. 
(3), 12 (1907)], and by Chapman, PLM S (2), 9 (1911), 369-409. 

There are general accounts of the theory in the books of Borel, Dienes, Hobson 
(2, ch. 1), and Knopp, and in the monographs of Andersen, Bohr, and Kogbetliantz. 
There is also a very clear account of the fundamental theorems in a lecture by 
Andersen (Cesdro’s Summabilitetsmetode, Copenhagen, 1919). The monograph of 
Kogbetliantz is the most complete, but is a summary of results without proofs. 

It is sometimes difficult to assign particular theorems to their discoverers, since 
most of them have been found by a process of gradual generalization; and we do 
not attempt to do so systematically, though we give the most obvious references. 

§ 5.6. The substance of the theorems of this section is Cesdro’s. More general 
theorems of the same character will be found in Knopp, RP, 32 (1911), 95-110. 

§ 5.7. Theorems 43 and 46, in their general form, are due to Chapman and 
Knopp. Theorem 45 was proved by Hardy and Littlewood, PLMS (2), 11 
(1912), 411-78 (462, Theorem 37). 

§ 5.8. Knopp, Grenzwerte von Reihen bei der Anndherung an die Konvergenzgrenze 
(Dissertation, Berlin, 1907), proved the implication (H,k) —» (C,k), and Schnee, 
MA, 67 (1909), 110-25, the converse implication. The proof here is due to Ander- 
sen, MZ, 28 (1928), 356-9, and is a simplification of one given earlier by Knopp, 
ibid. 19 (1924), 97-113. See also Knopp, 481. 

Theorem 49 is a special case of the theorem that the three hypotheses 


(a) CL{CM(A)}—> A, — (b) CPNCA> A, (0) OA) > A 


are equivalent. This has been proved in various ways by Andersen, Faber, 
Hausdorff, and Kogbetliantz: references will be found in Andersen’s paper. It 
should be noted that the equivalence of (c) with (a) and (6) lies deeper than that 
of (a) with (b), the transformations CC®) and C®)C(™ being identical with one 
another, but not with O(«+), 

The identity of C’)C® and CC is a corollary of Hausdorff’s work (Ch. XI), 
and may also be proved independently. It is easily verified that 


CH{CPYA)} = 2 Cup Ap 
where c,,, is 0 for p > n and 


T(n+1)(a+1) (p+ )0(b+1) Tin—pt+a) r,( p+l, —n+p, B ) 
T(n+a+1) T(p+B+1) T(n—p+)T(a)* *\p+B+1, —n+p—a+1 
for p < n, the argument of the hypergeometric series being 1; and it follows 

from Bailey, 21, formula (1), that this is symmetrical in « and B. 

§ 5.9. Mercer, POMS (2), 5 (1906), 206-24; Schur, MA, 74 (1913), 447-58. 
Schur’s proof is also given in Landau, Ergebnisse, 43-51. 

§ 5.10. Knopp, MA, 74 (1913), 459-61; Hardy, QJM, 43 (1912), 143-50. 
Hardy proves a number of extensions of Theorems 52 and 53. The simple proof 
of Theorem 53 given here is due to Hobson. 
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Pitt [PCPS, 34 (1938), 510-20] and Rogosinski [ibid. 38 (1942), 166-92 and 
344-63] have proved much more general theorems by deeper methods. These 
depend on the use of Fourier and Mellin transforms in the manner of Wiener 
(Ch. XII). 

§ 5.11. Theorem 54 is due to Schur, l.c. under § 5.9. 

It follows from the analysis here and Theorem 11 that the (H, k) kernel of (s,) 
is included in the (C, &) kernel. Knopp, I.c. under § 3.7, gives a simple example of 
a real (s,) whose (H, 2) and (C, 2) kernels are the intervals (}, #) and (0,1). 

Bosanquet, JEMS, 21 (1946), 11-15, has shown that s, — oo (H, 2) does not 
imply s, —> 00 (C,k) for any k, or 8,—» 00 (A), even when > a,” is convergent 
for |x| < 1. 

Basu, PLMS (2), 50 (1948), 447-62, has proved that Theorem 54 remains true 
for general k > 1 and for —1 < k < 0, but that the relations are inverted when 
0<k<1. 

§ 5.12. Theorem 57 is due to Appell, Archiv d. Math. 64 (1879), 387-92. The 
example used to prove Theorem 56 is Landau’s (l.c. under § 5.9, 51). 

§ 5.13. For the ‘harmonic’ means see M. Riesz, l.c. under § 4.3. 

§§ 5.14-15. It is difficult to give useful references for theorems concerning 
summable integrals, since they have been often dismissed as ‘obvious analogues’ 
of theorems about series. The equivalence theorem was proved first by Landau, 
Leipziger Berichte, 65 (1913), 131-8. Landau’s proof is modelled on Schur’s of § 5.9. 

M. E. Grimshaw, J LMS, 9 (1934), 94-102, proves the analogue of Theorem 45. 
Some further references are given in the notes on Chs. VI and X. 

In the text we suppose for simplicity that a(x) is bounded in every finite (0, X). 
The analysis for Hélder means is valid for all integrable a(x). The same is true 
for Ceséro means with k > 0, but the integrals which occur may sometimes diverge 
when k < 0. Thus f (x—t)*a(t) dt diverges for 2 = na when a(x) = (sinz)-* and 
—l1<k< —4. This is unimportant here, since the means of negative order are 
only interesting in themselves when a(x) tends to a limit. 

There is a full discussion of the formula (5.14.3), for a(x) integrable in the more 
general Denjoy-Perron sense, in Bosanquet, PLMS (2), 31 (1930), 144-64. 

The A(z) of the text, being the integral of a(x), is absolutely continuous. But 
we may plainly define A(z) — A(C,k) by (5.14.2) whenever A(z) is integrable, 
provided that k > 0 and we use the first form of the integral. On the other 
hand, the integrability of A(x) down to 0 does not necessarily imply that of H(z): 


-1 —2 
thus H4(x) = 2—{lo Z when A(z) = z—{lo Z . We must therefore impose 
om er Pp 


some additional restriction on A(z) for small z. Since we are interested primarily 
in large 2, this is no serious drawback. 

§ 5.16. The equivalence of the (R,n,k) and (C,k) means was first proved by 
M. Riesz, CR, 152 (1911), 1651—4: the lines of the proof are indicated rather shortly. 
There is a complete proof in Hobson (2), 90-8. A more concise version, by Ingham, 
has not been published; this reduces, when k is an integer, to the proof in the text. 

§ 5.17. Theorem 59 was proved independently, at about the same time, by 
Bohl, Sierpinski, and Weyl: references will be found in Koksma. We follow Weyl, 
MA, 77 (1916), 313-52. 

There is an ‘elementary’ proof of Theorem 61, depending on simple properties 
of continued fractions, in Hardy and Wright, 378-80. 


120 ARITHMETIC MEANS (1) [Chap. V 


Wey] proves much more, in particular the uniform distribution of the points 


{P,(n)}, {P,(n)}, -.. {F(n)} 
in r-dimensional space; here P,(n),... are polynomials linearly independent in the 
sense that no combination ), P,+A,P,+...+A,P,, with integral d, is congruent to 
a@ constant (mod 1). 
A number of special cases of Wey]’s theorems had been stated earlier by Hardy 
and Littlewood. Thus they state [Proc. fifth international congress of mathema- 
ticians, Cambridge, 1912, 1, 223-9 (226); AM, 37 (1914), 155-91 (164)] that 


(a) > e(mPa) = o(n) 
0 


for p = I, 2,... and irrational a, and that the points {n?«} are uniformly distributed. 
In a second paper in AM (ibid. 193-239) they prove (a) for p = 2 by a special 
method, and more precise results for particular types of irrationals. A third paper 
which was to contain the proofs of their more general assertions was never com- 
pleted because of the-appearance of Weyl’s more compact and powerful analysis. 

In their first paper in 4M Hardy and Littlewood prove, by more elementary 
reasoning, that the points {na} are dense in (0,1): this is, of course, a weaker 
assertion than uniform distribution. Their argument was simplified and extended 
by Kakeya, Science reports Téhoku Univ. 4 (1915), 105-9. 


VI 
ARITHMETIC MEANS (2) 

6.1. Tauberian theorems for Cesaro summability. We re- 
marked in §3.8 that there must be a ‘limitation theorem’ for every 
method of summation, since no useful method will sum too rapidly 
divergent series. Thus the limitation theorem for the Cesaro methods 
is Theorem 46, with k’ = —1. 

There is another limit, of a less obvious kind, to the effectiveness 
of these methods, and of all that have proved useful. Every method 
will fail to sum series which diverge too rapidly; and it will also fail 
to sum divergent series whose divergence is too slow. The theorems which 
embody this principle belong to the class which (for reasons which will 
appear later) are called ‘Tauberian’. They assert that if a series is 
summable (P), and satisfies some further condition Kp (which will vary 
with the method P, but will in any case imply a certain slowness of 
possible divergence), then it is convergent. For the Cesiro methods the 
most characteristic form of Kp is a, = O(n-), though this form may 
be generalized in various ways. 

We shall prove the following two theorems. 


THEOREM 63. If } a, = A (C,k) for some k, and 
(6.1.1) a, = O(n-), 
then Sa, is convergent, and indeed summable (C,—1+5) for every 
positive 5. 

THEOREM 64. If a, is real, > a, = A (C,k) for some k, and 
(6.1.2) ni, > —H, 
then > a, is convergent. 

We can simplify the argument by a few preliminary remarks. First, 
after Theorem 43, we may suppose k integral, replacing k by k’ = [k]+1 
otherwise. Next, we need only prove the series convergent, since if it 
is convergent, and satisfies (6.1.1), it is summable (C,—1+85), by 
Theorem 45. Finally, we may suppose a, real, otherwise considering 
real and imaginary parts separately. Thus it is sufficient to prove 
Theorem 64, with k integral. 

We base the proof on two preliminary theorems of some intrinsic 
interest. We write b, = na,, and B,, B},... for the sums formed from 
b,, as A,, A},... are from a,. 
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THEOREM 65. If > a, ts summable (C,r+1), where r > —1, then a 
necessary and sufficient condition that it should be summable (C,r) is that 
Br, = o(n’+), 


THEOREM 66. A necessary and sufficient condition that > a,, should be 
summable (C,r+-1), where r+1 > —1, is that 


m+r+1\- Br (n—1)! 
oe DI rl a =, ners ere 


should be convergent; or, what is the same thing, that > n--® Br, should be 
convergent. 


It is easily verified that 
v-+r vtr+l\ | _yfetr 

mere?) ora TT) = mF, 

v+r+1 v+r\ _yfetr), 

n( rtl J-mtr+n((Tt) = (n »( 3 ) 

and hence (comparing the coefficients of a,,_, in (5.4.5)) that 
(6.1.4) (n+r+1)Ai—(r+1)Azt! = Br, 
(6.1.5) nArtt_(n+r+1)Arti = Br. 


From (6.1.4) and (6.1.5) we deduce 
(6.1.6) Py afi) 48 _ eae Br 
r 


r+l1 r+ r+l’ 
n+r+l1 wh grt n+r hart _ [n+r+1\— Br. 
r+1 7 r+l me | ort nm’ 


and addition of the last equation for n = 1, 2,..., N gives 
N+r+l\ 4. Y (nt+r+1)\-! Bt 
(6.1.7) ( Be Att} = ay+ > i ees, 


Theorem 65 is a corollary of (6.1.6), and Theorem 66 of (6.1.7). The 
two forms of Theorem 66 are equivalent by Stirling’s theorem. If 7 is 
an integer, then the series (6.1.3) may be written in the alternative form 


> (r+1)! 
n(n+1)...(n+r+1) ™ 

We can now prove Theorem 64: we may suppose k an integer r+-1, 
and H = 1. If Br, 4 o(n’t4), then there is a positive C such that one 
or other of the inequalities 
(6.1.8) Be > Cnt, (6.1.9) Bre < —Cnt+ 
is true for an infinity of n. Let us suppose, for example, that (6.1.8) 
is true for an infinity of values N of n. 
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If 7 > land N <n nN, then 


(6.1.10) Bt— Bt, = > (ery mail| S (ra, 
y=1 


y=N+1 3 
Hence, since the coefficients are positive, and b, > —1, 


Bi — ST 2 


v=1 


Here the right-hand side is what stands in (6.1.10) when b,) = 0, 
b, = —1 for v > 0, in which case 


v 


> Brat = (lo Db, 2” = —a(1—2)" 2, BR = — ("ht 


r+1 
and hence = BB > —(i+(q a 
ago (mene (ea) ~ eae 
and therefore 

By—By > — pay {tater 


for any positive «, any 7 > 1,N <n < 7N, and sufficiently large N. 

We can choose « and 7 so that BL— By > —4CN*+, and it then 
follows from (6.1.8), with n = N, that BL, > $CNT+ for N <n < WN, 
and so 


nN nN 

Bi ; 1 (2 —-D)N  C(n—1) | 
Dan > CN oa > 3CN a (nN) +? oe Int? 
N N 


for sufficiently large N. But if this is true for an infinity of NV, then the 
series (6.1.3) is divergent, and > a, is not summable (C,r-+1). 

It follows that (6.1.8) cannot be true for an infinity of n, and a similar 
argument} shows that (6.1.9) cannot. Hence By, = o(n’*); and there- 
fore, by Theorem 65, > a, is summable (C,r). Repeating the argument 
r-+1 times, we see that > a,, is convergent. 

It will be observed that Theorem 63 goes farther than Theorem 64, in that 
it asserts summability of the series for negative k. No such extension of Theorem 
64 is possible, since the conditions are satisfied by any series of positive terms, 
and, after Theorem 46, > a, cannot be summable (C, —J) unless a, = 0(n-"). 

There are generalizations of these theorems for Riesz’s typical means 
of § 4.16. We shall not consider these here, except for one theorem which 


+ Using a range ({N, N), where { < 1, of values of n. 
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we shall have to use Jater. This is a generalization of the case k = 1 
of Theorem 63. 


THEOREM 67. If 0 < Ay < Ay <...., An > O, 


(6.1.11) a, = o(= (n > 0), 
oe x x 
(6.1.12) - J A(u) du = z| (> * du — 8, 


then > a,, converges to s. 


We may suppose that s = 0 and |a,| < (A,—A,-,)/A, for n > 0. If 
t>xandrA, <2 <Any Amr SE < Ania, then 


(6.1.13) eee: = lOmsat+2miat-- oe, 
ae Nin Am+r—Am+r-1 at Ante —Am < 
< +...4—" < oe 


5 
dm m 
If A(x) does not tend to 0, then eel is a C > O such that one or other 
of A(x) > C, A(x) < —C is true for a sequence of values X of z 
tending to infinity. If, for example, A(X) > C and Ay < X < Ay, 
so that A(X) = A(A,,), then, by (6.1.13), 


A(t) > C—(t—Ay)/Ay > $C 
for Ay <t < (1+4C)Ay,, and hence 


(1+30)Ay 
A(t) dt > Cry, 


m 


Au 
in contradiction to (6.1.12). Similarly A(X) < —C leads to a contra- 
diction, and so A(x) > 0. 
We cannot replace (6.1.11) by a, > —H(A,—A,-1)/A, without some 
further restriction either on A, or on a,,.f 


6.2. Slowly oscillating and slowly decreasing functions. A 
function f(x), defined for x > 0, is said to be slowly oscillating if 


(6.2.1) S(y)—f(x) > 0 
whenever 
(6.2.2) x +> 00, y > &@, ylx > 1; 


and to be slowly decreasing if it is real and 
(6.2.3) lim (f(y) —f(x)} > 0 


¢ A(u) here is equivalent to the A,(u) of § 4.16. 
t See the note on this section at the end of the chapter, and that on §7.7. 
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in the same circumstances. If f(x) is differentiable, and f’(x) = O(2-1), 
then 


fy)—fle) = [roa of *) +0 


under the conditions (6.2.2), so that f(x) is slowly oscillating. Thus 
xu — etilogz ig slowly oscillating. Similarly, if f(x) is real and 
f'(x) > —Hz-—", then f(x) is slowly decreasing: thus x-+-cos z+ cos(a log x) 
is slowly decreasing. 

We shall say that a sequence s, is slowly oscillating, or slowly 
decreasing, if s(x) = s,) is slowly oscillating or slowly decreasing. If 
8, = Ap+a,+...+a,, then s(x) is the sum-function of } a,. It is easily 
verified that s,, is slowly oscillating when a,, = O(n-1), slowly decreasing 
when a, > —Hn-!. 

If f(x) is slowly oscillating, then | f(y)—f(x)| < «when y > x > X(e) 
and (y—x)/x < «(e). If it is slowly decreasing, then f(y)—f(z) > —e 
under similar conditions. 

There is one simple corollary which we shall require in Ch. VII. If 
f(x) is slowly decreasing, and g > 0, p > q are fixed, then there are an 
H and an X such that 


(6.2.4) S(px)—f(qx) > —H 
for x > X. For there are a U and a « such that 
f()—flu) > -1 (qu>U,1 <tlu <x). 
If r is the integer for which «"-! < p/q < x’, and 
Lo = QL, Ly = KQU,..., 2, = kK I1gx, xX, = px, 


then we may take t = 2,,,, uw = 2, for s = 0, 1,..., r—1, and 


f(pz)—figz) = 2 fe %e+1)—S(x,)} > —1, 


so that (6.2.4) is satisfied with X = U/q, H = r. If also f(x) is bounded 
in every finite interval (0, X), then (6.2.4) is satisfied, with an appro- 
priate H, for x > 0. 

There are important generalizations of Theorems 63 and 64 in which 
the condition on a, is replaced by the more general condition that s,, 
is slowly oscillating or slowly decreasing. These will be included in the 
more difficult theorems proved in Ch. VII, but we illustrate the ideas 
here by proving the simplest theorem of this kind. 


THEOREM 68. If > a, is summable (C,1), and s, is slowly decreasing, 
then > a, is convergent. 
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We are given that s,, > s (C, 1) and that 
lim (Spn—8n) > 0 


when n> 00, p > 1, and p> 1; and it is sufficient, after Theorem 65, 
to prove that 


(6.2.5) Un = Ay +2a.+...+ Na, = O(n). 
Let us suppose, for example, that 
(6.2.6) Uy, > Cn 


for a positive C and an infinity of n, in contradiction to (6.2.5). Given 
any positive 7, we can choose N and p > 1 so that s,—s, > —n for 
n > WN andn <v< pn; and we may suppose that py < $C. Then 


Un = (n+1)s8,—Sy—8,—.-..— Sy; 

UU, = (n+1)(8,—8,)+(8,—Sn41) +--+ (8,—- 8-1) Z eat | z —pnn, 
and Uy, = U,tu,—u, > Cn—pyn > $Cn 
for any n > N satisfying (6.2.6) andn <v < pn. Thus 

{pn} [pn] 

u 1 1 1 ] 
—*— >4Cn > ——— = 4Cn|- —__——__] > 4C/1—-}]. 
2.504) 7 * 2 ee Hl ppapea) > 5) 


Hence the series > “nis not convergent, and so, by Theorem 66, 


n(n-+-1) 
with r = 0, > a, is not summable (C, 1). 

Similarly, we can show that the hypothesis u,, < — Cn, for an infinity 
of n, leads to a contradiction. Thus wu, = o(n), and the theorem 
follows. 

The corresponding theorem for functions of a continuous variable is 

if f(t) > 1 (C, 1) and f(t) is slowly decreasing, then f(t) > 1: 
the proof is left to the reader. 


6.3. Another Tauberian condition. There are conditions of other types 
which enable us to infer convergence from summability. As an example, we prove 


TuEorem 69. If > a, is summable (C,1) for somel,p > land > n?“!|aq|? < 00, 
then > a, is convergent, and indeed summable (C,k) fork > —(p— 1)/p. 


The result is trivial when p = 1, and we may suppose p > 1. It is sufficient, 
after Theorem 65, to prove that 


(6.3.1) BE = S (a, = 0(nk+1) (x > -142). 


y= 


+ This is what, in the notation laid down in Ch. VII, we should call Theorem 68a. 
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Now BE = of > (nv 1)*vJ,|} = (3+ 3) = 5, +8, 


vw 


say. Here 


n 
ISal<  & ve-nrla,| .vP(n—v+ 1) 
v=N+1 
(p—1) |p 
> 


n 1/p n 
< ( > 1a, |?) SY ve-v(n—p+ 1yini-»} 
yoN+1 vuN-+1 


by Hélder’s inequality. The second factor is O(n‘), where 
kp 1 ) p—-l 
q ( p—l + pol + ? 


and the first is less than « for N > N,(e). Hence |S,| < Cen*+1, where C is 
independent of n, for N > N(e); and S, is plainly o(n*+1) when N is fixed. This 
proves (6.3.1), and therefore the theorem. 


6.4. Convexity theorems. If > a, is summable (C,k) then, by 
Theorem 43, it is summable (C, k’) for any k’ > k; and if it is bounded 
(C, k) then it is bounded (C, k’). But boundedness (C, k) does not imply 
summability (C, k’), for any k’. There is, however, a slightly more subtle 
theorem. 

THEoREM 70. If > a, ts bounded (C,k,), and summable (C, k,), where 
k, > k, > —1, then it is summable (C,k) for ky <k < ke. 

We prove this here only for integral k,, k., k, when k, = k,+, 
k = k,+m, | and m being integers and 0 < m <I. It is sufficient to 
prove the theorem when / = 2,m = 1. For suppose the theorem proved 
in this case, and also for general 1, m with 1 = 2, 3...., L—1; and con- 
sider the case 1 = L. Then }a,, being bounded (C,k,), is bounded 
(C,4,+L—2), and therefore (by hypothesis) summable (C,k,+L—1); 
and hence (again by hypothesis) it is summable (C, k,+m) for 
0<m<lL. 

We may also suppose that the sum (C,k,) is 0; and we have there- 
fore to prove that Ak = O(n*) and Ak+® = o(n*+?) imply Ak! = o(nk+); 
or, writing B, for Af, that B, = O(n*) and B2 = o(n*+*) imply 
Bi = o(n*+1), 

Suppose that 0 << # <1 and N = [#]. Then 


Bi— By = Byit Bhat +B = (n—W)BL—_$ (BL—BY) 
= (n—N)Bi—{Bysgt 2Byigt...+(n—N—1)B,}, 


By a BAY, Bu sst Byatt NUP pig, 
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uniformly in #, and 
P = o(n-!.n*+®) = o(n*+) 
when @ is fixed. Hence (taking # near 1) we deduce that By = o(nk +1), 

Theorem 45 is the form assumed by Theorem 70 when &, = —I, 
k, = 0. In this special case we have proved the theorem for non- 
integral k. 

6.5. Convergence factors. A familiar theorem of Abel and 
Dirichlet, included in Theorem 8 of §3.5, states that if (i) > a, is 
convergent or bounded, (ii) f,, decreases steadily to 0 when n > ©, or, 
more generally, f,,-> 0 and > |Af,| <0, then > a,f, is convergent. 
There are many important generalizations of this theorem for summable 
series. 

These generalizations are of two types. In the first, we impose on fn 
only the natural extensions of condition (ii), and infer the summability 
(C,k) of da, f, from that of } a,. In the second, we impose stronger 
conditions on f,, and infer that > a,/, is summable (C,k—s) for some 
positive s: thus a typical case would be that in which f,, = (n+ 1)-*. 
Both types of theorem present considerable difficulties when the para- 
meters are unrestricted, and we shall confine ourselves here to integral 
k and s, for which the proofs of the main theorems are comparatively 
simple. 

The principal theorem of the first type is 

THEOREM 71. If (i) >a, is summable, or bounded, (C,k), where k is 
an integer; (ii) f, > 0; and (iil) 


(6.5.1) Y (nt AKf,| < 00; 
then > anf, is summable (C,k), and 
(6.5.2) DY enfrn = > ARA fn» 


the last series being absolutely convergent. 
We require two lemmas. 
THEOREM 72. If f,, satisfies the conditions of Theorem 71, then 


(6.5.3) (n+1yAf,>0 (l= 0,1,...,), 
(6.5.4) Y (nt 1jA4f,| <a (1 = 0,1,...,h). 

We can write (6.5.3) and (6.5.4) in the equivalent forms 
(6.5.5) (“ya LAO SU ek, 
(6.5.6) > mt ang | coo (l= 0,1,..,4) 
l n ? > > a 


The conditions given are (6.5.5) for 1 = 0 and (6.5.6) for 1 = k. 
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Since f, > 0, A¥f, > 0, and so 
AYf, = > At, 
nr 


(n-+1)FA*fy| < (nL LES [ARAL] << ¥ (VEIEARHS,| > 0, 


by (6.5.1). This is (6.5.3), or (6.5.5), for 1 = k. 
Next, 


pee ‘\lA¥al < ee ) Sia, 


n= v=n 


= Dae > (a = > (T')iatenl <. 


It follows that (6.5.6) is true for 1 = k—1; and therefore, by the argu- 
ment of the preceding paragraph, that (6.5.5) is also true for 1 = k—1. 
Repeating the argument, we conclude that both assertions are true 
generally. 


TuHEorEM 73. If b, =a, f, then 


(6.5.7) a> Ak > ie a5 ‘Wt ae ati 


with the convention that any fi, occurring in A¥+1-*f,,, 1s to be replaced 
by 0 when m > n. 

If U; = uptu,+...+u,;, U}, Uj,... are defined as usual, and v,; with 
j > n are treated as 0, then 


$ U,V; = 5 U; Av; = Ss Ui A, = ... = > UF AF+y,; 
0 0 0 0 
and hence 
~ (n—j+k ~ n—j+k 
B= > ( s Josh = > | : Ni 
‘ 0 j=0 
k+1 
But AFC, f, )=> ie ‘ Atco, Ak+H1-if, 
; i=0 
Since here . 
Moe ner saa = ae (0 <i<h, 


and A¥+lc, = 0, we obtain (6.5.7). 
Passing to the proof of Theorem 71, we divide (6.5.7) by es and. 


make n 00. First, we may discard the convention. For it affects only 
4780 K 
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the terms in which j > n—k; the number of such terms is bounded; 
and each involves an A¥ which is O(n*), an f,, which is o(1), and a 
bounded numerical coefficient; so that their aggregate is o(n*). We have 
therefore to find the limit of 


MEAS 4S (h+1\ (n—jtk—i k+i-if : 
j=0 i=0 41=0 
where S,,; contains the terms involving a given 7. 
If 7 > 0 then 
eae ES payedl@—i+k—t\ an 1-if, || _ < 
S,¢ = Of (n-+1) 2 o+N rT fiat trall = OF a), 
where 
[engl < A(n-+1)-*(G+1)A(n-+ 1)** Ae, | 
= HEEL) tate] < AGAMA 
and H is independent of n. Also > ( JH U)P*|A'+1-tf, | <00, by 
j=0 


Theorem 72. Hence > wu, is majorized by a convergent series with 
terms independent of n; and u,,— 0, for any fixed j, when n> oo. 
It follows that S,, = 0(1) for ¢ = 1, 2,...,k. 

It remains to find the limit of 


So eae 7 ee if 


j=0 
This is majorized by > [AF |A*+4f; |; 
7 rryen)~ 
for every j, when n > 00. Hence 
Sno > > Af A*t+Yf,, 


and this completes the proof of Theorem 71. 

We may modify Theorem 71 by supposing (i’) that > a,, is summable 
(C, &) and (ii’) that f,, is bounded. The last condition, with (iii), ensures 
that f,, tends to a limit f, not necessarily 0. The conclusion then follows 
from Theorem 71 on replacing f,, by 9,+/. 

Theorem 71, and the’ modified theorem, may also be deduced from 
Theorems 1 and 3, and it may be shown that the conditions are also 
necessary, in the sense that, if they are not satisfied, there are series 
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> %, Which are bounded (C,k), or summable (C, &), while > a,f,, is not 
summahle (C, k). 


If f,, = (n+c)-8, where c > 0,8 > 0, then A¥+1f, = O(n-*-*-1); and if 


Che+ 
(6.5.8) to = = Cota y ir + atte + [real 


then A‘t1f, = O(n-*- - In either of these cases condition (iii) of 
Theorem 71 is satisfied. We thus obtain 

THEoREM 74. If Sa, is summable (C,k), then > (n+c)-*a, is 
summable (C, k). 

THEOREM 75. If > a, is summable (C,k), and f,, ts of the form (6.5.8), 
then > anf, is summable (C, k). 

In particular 
(6.5.9 <= (2--0)(%--a%9)...(-+- cy) : 

In = (EB, By)l-FB) 

where the « and £ are positive, is of the form (6.5.8), and so is f~1; thus 
the summability of either of 


> an > On 

(af ey)...(0-F 04) (n+B,).-.(n-+B)) 

for any k, involves that of the other. We shall use this case of Theorem 
75 in the next section. 


6.6. The factor (n+1)-*. The principal theorem of the second 
type is 
THEOREM 76. If > a, is summable (C,k), and 


0<s< k+l, 
then the series 


-1 
(6.6.1) yee On, Dray: 


are summable (C,k—s). 


We suppose k and s integers, all proofs for non-integral values. being 
a good deal more troublesome. Some preliminary remarks are required. 

(1) If either of the series a)+a,+a,+... and 0+a)+a,+... (i.e. 
0+6,+6,+..., where a, = b,,,) is summable (C, £), then so is the other, 
by Theorem 47. It is therefore indifferent whether we state Theorem 76 
in terms of a)+a,-+... and the series (6.6.1), or in terms of a,+a,+... 
and. the series 


(6.6.2) > (i ‘yam "Son 


8 ns 
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summed over | to oo. It is plain that, if we do this, we may suppose 
any of the a or 8 of Theorem 75 to be 0. 

(2) Next, w(t _t (n+1)(n+2)...(n+s—1) 

8 8! ee 

is of the form (6.5.9), with n—1 for n and 1 = s—1. Thus the summa- 
bility (C,7r) of either of (6.6.2), for integral 7, implies that of the other. 

We consider the second series (6.6.2), with s=1. If Da, is 
summable (C,k), then >} n-1a, is summable (C,k), by Theorem 71. 
In order that it should be summable (C,4—1), it is necessary and 
sufficient, by Theorem 65, that Q*-1 = o(n*), where Q£-1 is formed from 
Gn = Mn—a,) =a,; i.e. that A¥-! = o(n*). But this is true because 
Ak-1 — Ak_ Ak , and n-*A* tends to a limit. 


Thus the series y na, 


is summable (C,k—1). It follows, by Theorem 75, that > (n+«)-1a,, 
where « > 0, is summable (C,k—1). Hence, repeating the argument 
s times, the series (6.6.2) or (6.6.1) are summable (C, k—s). 

It follows from Theorems 71 and 76 that, if > a, is summable (C, h), 


(6.6.3) 
Gn Ak 
Da rates > Arar zs (+1)! > (n+1)(n+2)...(n-+h+2)’ 


the first series being summable (C,k—1) and the last absolutely con- 
vergent; there is a similar formula for the sum of the first series (6.6.1). 


6.7. Another condition for summability. We saw in §6.6 
(Theorem 76) that the summability (C,&) of } a, implies the summa- 
bility (C, k—1) of > (n-+1)—1a,. The converse is false: for the last series 
is (absolutely) convergent whenever a, — O(n-1), and then, after 
Theorem 63, > a, cannot be summable (C,4), for any &, unless it is 
convergent. There is, however, a more subtle connexion between the 
two series. 

THEeorEM 77. If k is integral then, in order that > a, should be sum- 
mable (C,k), it is necessary and sufficient that there should be a solution 
b,, of the equations . 

(6.7.1) Gn == (N+1)(b,—bnii1) (nm = 0,1, 2,...) 
such that > b, is swummable (C,k—1). In these circumstances 


an An+1 es 
(6.7.2) by otf Sa ba (CED, 


and the sums of the two series are the same. 
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It is plain, first, that we can solve (6.7.1) by recurrence; that if b,, 
is any solution then the general solution is b, = b,—h, where h is an 
arbitrary constant; and that the conditions of the theorem can be 
satisfied by one solution at most. 

(i) We begin ve proving that, if 5, is any solution, then 


(6.7.3) == (b+ 1)BE—(n-+1)BEz1 (kb > 0). 
Here B,1 means ms First, if k = 0, then 
A, = A, = by—b,+2(b,—b2) +... + (0+ 1)(b, = bn 41) = B,—(W+1)bnaas 
which is (6.7.3). Next, assuming (6.7.3) for a given k, we have 

AE = (k-+1)(Bk+ BE+...+ BE) — Bk 2 Bk... —(n 1) Beh 

= (k+1)BEt1— (n+1) BE, .+(n+1) BE 1 BE 14+ Br-l 
== (k-+-2) Bh} — (n+ 1) Bras; 

which is (6.7.3) with k-+-1 for k. 

(ii) Next, we prove that if B= > 6, is summable (C,k—1), then 
A = > a, ts summable (C,k), and A = B. First, ifk = 0, then B, > B 
and (n-+-1)b,,, > 0, so that A,, > B. Secondly, if k > 0, then 


BRA = ex *) B--o(nt- 1) 


and so, by summation, 


Bk — en B-+o(n*). 


Hence, by (6.7.3), 
Ag = (ern ["F")— (n nba) Bom) = ("7 ) Bont), 


and A is summable (C,%) to sum B. 
(ui) Thirdly, we prove that if > a, is summable (C,k), then 


(6.7.4) Beta "Pet (per )4 tem) (k > 0), 


k—1 
(6.7.5) b, =h+o(n) (k= 0), 
h being a constant. We may suppose without loss of generality that 
A = 0.t 
We have 
(6.7.6) 


(n-+-k-+ 2) BE—(n+-1) BE, = (k+1)Bk—(n+1)Bkz} = Ak = o(n*), 
t If6, is a solution of (6.7.1), a) = a,— A and a, = a, for n > 0, then the bf defined 
by by = by—A, b, = 6, for n > 0, is a solution of a, = (n+1)(b,—b4,,). The effect of 


diminishing a, and by by A is to diminish A#-1 and Bk-! by Coy ‘)4 
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by (6.7.3) and our hypothesis. If 
(6.7.7) (nt 1\n+2)..l0+h+1)b, = Bay 
| then (6.7.6) gives 
(n+-1)(n+2)...m+k+2)(bx—Gn4a) = AE = o(nt), 
and so ¢,—¢n41 = 0(n-*). Hence ¢, tends to a limit ¢, and 


A ra Z (P+ 1)0+2)...vfh+2) — b+()) 


(6.7.9) BE = (n+1)(n+2)...(n+k+1)h+0(n*). 
Finally, from (6.7.6) and (6.7.9) it follows that 


Bert = a Bk-to(nk-!) = (k-+ ("FEF bt o(mt 
and this is (6.7.4), with A = 0, h = (k+1)!¢, and n+1 for n. The 
proof is valid, and gives (6.7.5), for k = 0. 

(iv) It is now easy to complete the proof of the theorem. In the first 
place, the condition is sufficient, by (ii). Secondly, if } a, is summable 
(C, k), 6, is any solution of (6.7.1), and b, = b,—h, where h is the h of 
(6.7.4), then b, is also a solution; and 


BEA = Bea ("; ‘\a= 2 (ee )A torn, 
by (6.7.4) or (6.7.5), so that > b,, is summable'(C,k—1) to sum 4, 
the result holding for k = 0 since h is plainly independent of k. Hence 
the condition is also necessary. 
Finally, since > b,, is summable (C,k—1), 


i2) 


bya) = > 


nr 


by Theorem 48. For b,, the h and ¢ of (iii) are 0, and (6.7.7) and (6.7.8) 
give 


Ey Wats 
~-_ 


Ak 
bo = BE = (k+1)! $5 = (k+1)! » GE $2).ne bb) 
Thus 
An 


an oes = 
ae = (b+)! > Gari ba) eFE LR) ea). 


This is (6.6.3). Our proof here is independent of Theorems 71 and 76. 
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A corollary of Theorem 77 is 
THEOREM 78. A necessary and sufficient condition that > a,, should be 


summable (C,k) ts that there should be a system of numbers a,,,, where 
$= 0, 1,..., +1, such that 


ano = 4, ans = (n+ 1)(@,,.—@n+1,8) (s > 0), 
and that : Ass = 2 An psr 
as summable (C,—1). In these circumstances 
a a. 
a = —wsrl etn | eee C, k— 


for s = 1, 2,..., k+1; A, = }a,, is summable (C,k—s); and the sums 
of all these series are the same. 


We have only to apply Theorem 77 k+1 times in succession. 
Theorems 77 and 78 may be used to obtain instructive proofs of the 
equivalence theorem (§ 5.8) and of other standard theorems in the 
subject. 


6.8. Integrals. There are ‘Tauberian’ theorems for integrals like those of 
§ 6.1. If 
(6.8.1) faz) dx = A (C,k)t 


for some k, and a(x) = O(x—1) for large x, then (6.8.1) is true for all k > —1: in 
particular, the integral is convergent. If (6.8.1) is true for some k, a(x) is real, 
and xa(x) > —H, then the integral is convergent. The analogues of the pre- 
liminary Theorems 65 and 66 are: (i) if the integral is summable (C, r+1), then 
a necessary and sufficient condition for summability (C,r) is B,(z) = o(a*t+1), where 
B,(z) is formed from 6(z) = xa(x) as A,(x) is formed from a(x); and (ii) a necessary 
and sufficient condition for summability (C,r+1) is that j x**B,(xz) dx should 
be convergent. 

There is an analogue of Theorem 71: if (6.8.1) is true, f(x) —> 0, f(a), the kth 
derivative of f(x), is absolutely continuous, and f 2x*| f(*+1)(a)| da < oo, then 


(6.8.2) f alw)f(w) dx = (—1)4 f Ay(x) f*4(@) dee (C,), 


the last integral being absolutely convergent. In particular this is true if 
J (x) = (x+1)-*, where s > 0. On the other hand, there is no analogue of Theorem 
76; the introduction of a convergence factor like (x+1)-* does not necessarily 
decrease the order of summability needed. Thus if a(z) = e?*cose* then 


Ei od 
A,(~) = —Hx-+cos 1—cose*+ J coset dt ~ —Hx, 
0 


where H = cosi1-+sin1, and so 


(6.8.3) f e**cos e* dx = —cosl—sin1 (C,1). 
e*%cos e* 
But { aa dx 


is not convergent, and indeed not summable (C,k) for any k < 1. 


{ As in § 5.14, integrals written without limits are over (0,0), 
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If 
(6.8.4) | J(8) = f e~Pta(x) dx 


is convergent for § > 0, and tends to A when 6 -> 0, then we write 
(6.8.5) = [ aa) dx — A (A) 


and say that J is swmmable (A) to A. It would be natural, after § 5.12, to expect 
summability (C,k) to involve summability A, but this is one of the points where 
the analogy between series and integrals breaks down. The summability of J 
does not involve even the convergence of J(5). Thus the integral (6.8.3) is 
summable (C, 1), but i) e(2-4)teog e* dx is not convergent if 6 < 1. 

However, if J is summable (C,k), and J(8) is convergent for every positive 5, 
then J is summable (A). For then 


AX(x) =  e-Pa(t) dt = O(1) 
0 


for every positive 5, and 


a 
A(x) = [ ie se dt = e&A%(x)—5 f e5 A4%(t) dt = O(ee) 
0 
for every such 8. It follows that A;(x) = O(e%) for each k; and so, by k+ 1 partial 
integrations, that 


(6.8.6) J(8) = i e~S%a(x) da = Sk+1 eA, (n) dx. 
0 0 


But k!x-*A,(x) — A, and therefore 
Skt1 r 
J(8) ~ A ae | eWStyk dx = A, 
0 


We can obtain a more satisfactory theorem as follows. The integral f x*e~®* dx 
is convergent for every k, so that, after (6.8.2), the summability (C, &) of J involves 
that of J(5), and the truth of (6.8.6), the integral on the left being summable (C, k) 
and that on the right absolutely convergent. It then follows that J(5), interpreted 
as a (C,k) integral, tends to A. 

The integral i eriz+bvz dy, where a > 0, 6 > 0, is summable (A), but not (C, k) 
for any k. 


6.9. The binomial series. In the rest of the chapter we study the 
summability of some particularly important special series. We begin 


with the series 
_¥ (ete) an 


where a=PBtiy, 2=e%, \Q) <7 
It is familiar that the series is (1) absolutely convergent when B < —1, 
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(2) convergent, but not absolutely,t when —1 <8 <0 and 6 £0, 
(3) divergent when B > 0, or when —1 < B < 0 and @ = 0;7 and that 
the sum of the series, when convergent, is 
(1—2)-#-1 = exp{—(a+1)log(1—z)}, 
the logarithm having its principal value, for which |3log(1—z)| < 4a. 
We shall determine the conditions under which it is summable (C, 4), 
for any k > —1. 
We suppose first that 
B>-l, k>-l, |0l\<7, 040, 241. 
Then 
> a,u" = aie > Aku = (1—u)-*-(1—2u)--1, 
Bn be du 
oo ar | (1—w)# +11 —zu)oHyn th? 


where u = pe’, C is the circle p = py < 1, and the powers of 1—u and 
1—zu have their principal values. Hence, by Cauchy’s theorem, 


du 
a mil f+ J capa = 


where C, and C, are two contours surrounding the points u = 1 and 
u = 1/z = ¢ and going to infinity in the directions 6 = 0 and ¢ = —@ 
respectively. We may suppose C, and C, formed by circles round u = 1 
and u = ¢, and straight lines with arguments 0 and —8@, these last 
described twice in opposite directions. | 

We write J, in the form J, = J. aa (2) where 


= a) = =("7 oat 


(1) — 
Jy = ) (d— Gea = 


JQ — l { oe io du 
Qrt J \(l—uz)ett (12) * +1] (1—w) eth" 
Ch 
We suppose that » > |1—¢|-1 and take the radius of the circular 
part of C, to be n-}, so that u-”-! = O(1) on the circle. Also 
(1—uz)-*-1— (1—z)-#-1 = (a+1)z J (1—wz)-*-2 dw 
1 


is O(jw—1|) on the whole of C,, and O(n-") on the circle. Thus the 


ft Except in the trivial case 8B = —1, y = 0, a+1 = 0, when the series reduces to its 
first term 1. 
{ Evaluating the integral by deforming C, back into C. 
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contribution of the circle to J) is O(n—.n-1.nk+}) = O(n*-}), and that 
of the rest of C, is 


a ee Pot dt 
| wae te] =o} f ae apps 
1+n- n-t 


= - : t dt .s n+l y a 


Hence J, = (rH). z)-*-14 O(nk-), 
Similarly we write J, = J+J: where 


(1—¢)-** ae a 
2 J aera 
n+ a . n-+-a end 
= (Saco = (ST) ceape 


XO |e eae ~a—arl _ mw, 
2 Oat J (Qa) (1 — OEY (12nd? 
Cc 


and we can prove that J) = O(n®-1) by an argument like that which 
we used for J{?). 
Collecting our results, we find that 


Ak = (7a et)-ot4- ocmtay ("Feit et) #4 OF), 


The first term here is the dominating term when k > 8, the third when 
k < B; if k = B then these terms are of the same order of magnitude. 
We thus obtain 


THEOREM 79. If a = B+iy, B > —1,k > —1, |6| <a, and 0 40, 

then the series > ("2") ert? is summable (C,k) when k > B, to sum 
a 

(1—e*9)-2-1, Jt oscillates finitely (C,k) when k = B, and infinitely when 
k<B. 

It is plain that the argument will prove uniform summability in any 
closed interval of @ which does not include 6 = 0. 

When 0 = 0,z= 1, a, = (s°) 


ST ae ee k nt+atk+l1 
> Aku” = (1—u) - Ae ( eed 
(ak 


aud k P(e+tk+2) 
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Thus we obtain 
: Nn-+a\ . 
THEOREM 80. The series > ( as never summable (C,k), for any 
(6 4 


k, unless B < —1, in which case it converges absolutely to 0, or 8B = —1, 
y = 0, in which case it reduces to tts first term 1. 


6.10. The series > n*e9, From Theorems 79 and 80 we can deduce 
corresponding results for the series > n%e”*9.+ We suppose for the present 
that 8B > —1, leaving the case 8B = —1 to the next section. 

If y = 0 and f is integral (so that « is integral) then 


(6.10.1) n% = Dp (*F)+2,("Fe7 ‘|+. +P 


where pp, 7,... are independent of n. If « is not an integer then 


i) = Cyy N° LC, vad ne—v-1t. Sic Cy, neh O(nB-A-1), 
a-— 


where / is arbitrary, v = 0, 1,..., h, and cy, ~ 0; and, combining these 
equations, we can express 7“ in the form 


(6.10.2) n= pi("**)-40,("F97 ‘ete (“8D 5) +O(ne-*, 


Combining Theorem 79 with (6.10.1) or (6.10.2), we obtain 


THEOREM 81. If « = B+iy, B > —1, k > —1, |0| <a and 6 £0, 
then the series Sn%e™? is summable (C,k) when k > B, oscillates finitely 
(C,k) when k = B, and oscillates infinitely (C,k) when k < B. 


6.11. The case 8 = —1. The case in which 8 = —1 is in some ways 
particularly interesting. The series 
n—1l ey oo 343 0 
11.1 nt 1l+iyent 
(6.11.1) pared >n enw, 


where y = 0, are convergent unless @ = 0 (mod 27). In that case they 
oscillate finitely, since 


@ 1 i) = Pin+ty) — nity O (=a 
—I+iy Diy)P(a+1) ~~ Tey) 


n—1 ty __ 
> Ane scl he 
I vy 


—1™t1 


“St 1+4 N lity d; . 1+¢ t{-1+ty) di 
= m-ltty_—. | t-1+y dt = m-lity_¢-l+ty) df, 
> J z jt ) 


ft The series starting from n = 1 when 8 < 0 
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and the general term of the last sum is O(m-*).f Since the series (6.11.1) 
are not convergent, and their general terms are O(n-"), it follows from 
Theorem 63 that they are not summable (C, k) for any &. 

It is interesting to investigate certain other properties of these series, 
and in particular to prove their partial sums bounded uniformly in @. 
More generally, we prove 


THEOREM 82. If 
(6.11.2) A, =ay+a,+...+a, = O(1), Aa, = O(n-%), 
then 
n 
(6.11.3) len) = | a, 2" <H 
o 
for \z| <1, H being independent of 2 and n. In particular this is true 


0) or n-1+t7 (with ay = 0 in the second case). 
—I1+ty 

We note in passing that the hypotheses (6.11.2) imply a, = O(n-1). 
In what follows we shall be dealing with functions of n and z, and O’s 
will be uniform for |z| <1. It is sufficient, by the principle of the 
maximum modulus, to prove (6.11.3) when z = e and 0 < |6| <7. 
We suppose 6 > 0, and write p = [7/@], so that p > 1. 

If » > n then 


n ° n—1 a ° 
$,(2) = > Onn emid > Am Aemift 4. ent 
0 0 


when a, 18 ( 


n—1 
= (1—e*) 2 O(1)+0(1) = O(n@)+0(1) = O(1). 
If p <n then 
S,(2) = > Gm emit > Gm emit — 8, +83, 
0 p+ 
and the argument just used shows that 8, = O(1). Also 


nr « * n . 
p+ pt+2 
n 
SORE 2 Oe b= es) Oe), 
: Pp 
since a, = O(n-!), and so S, = O(1). 
It follows from Theorem 82 that, for example, the series 


20 (n = 2,3; y ¥ 0) 


nltiy 
(6.11.4) ees 
logn 
is uniformly, though not absolutely, convergent on the unit circle. 
ees - Q) 
—l+iy] \ ty 


n 


+ Alternatively, we may use the identity > ( 
0 
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We leave it to the reader to prove 

THEOREM 83. If —1 <8 <0, a, = 0(1), Aa, = O(nP-1), then 
(6.11.5) [s,(z)| << H|1—z|-#44 
for |z| <1. Ifa, = O(1), Aa, = O(n-*), then (6.11.5) ts true for B = 0., 


6.12. The series > n-%e4i”*. The series 
(6.12.1) San D> ne, 
where A> QO, 0<a<l, b = B+ty, 
is particularly interesting and may be used to illustrate many points 
in the theory of summable series. It is absolutely convergent if B > 1, 
and we shall suppose throughout that B < 1. 

The order of a,, is decreased, by a factor n*-1, by differentiation, so 
that the series is adapted for study by means of the Euler-Maclaurin 
sum formula; but the discussion of its summability on these lines is 
rather tiresome in detail, and we shall use a different method depending 
on a direct use of Cauchy’s theorem. 


THEOREM 84. The series (6.12.1) is summable (C,k), where k > —1, 
if and only if 
(6.12.2) (k+1)a+p > 1. 
We write 
u(z) = z-bedi2®, Uy = 0, Un = uU(n) (n> 0), 
z— and z* having their principal values in the half plane R(z) > 0, and 


~ T(n—m+k+]) 
T(in—m+1) ™ 


(6.12.3) S = T(k+1)Uk = 

m=1 
We have to show that n-*S tends to a limit if and only if & satisfies 
(6.12.2). 

We denote by C the rectangle (}—iY,n—iY,n+1iY,4+7Y), shown in 
Fig. 1, by C, and C, the two half-rectangles formed by the lines L, to 
L,and L, to L, respectively. If 

_ P(n—2z+k+]1) 
f@) = T'(n—z-+1) 


then Cauchy’s theorem gives 


u(z), 


(6.12.4) S’ = S—Hf(n) = = | a cot 72f(z) re 
c 
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where the integral along (n—iY, n+1Y) is a principal value.t Also 


(6.12.5) = | mif(e) de = 0, = | (—mi) fle) de = 0. 
C1 Cs 


Sy a ee 


I, 
Lr; 
4 n 
Ds 
Ly # 
4-iY n—tY 


Fia. 1. 


Hence, combining (6.12.4) and (6.12.5), we obtain 


(6.126) 8'= 5 | Weyfle)de +5, | Heyfle) de + 
Ls Ls 


+ fiers, [ vereaets, [ voferae 
3 


Ls+L, L5+Ly 
where (z) = m(cot 7z+7) 
according as y = %(z) is positive or negative. The integral along L,+ L, 


is a principal value. 
Now 


We) = Oferta Ollyith edt = Olea 


+ We apply Cauchy’s theorem to C modified by a semicircular indentation round 
z = n, and then make the radius of the indentation tend to zero. 
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for fixed n, } < x < n, and large |y|. Hence the integrals along L, and 
L, tend to 0 when Y +00, and (6.12.6) gives 


(6.12.7) 8 = | fede — Sf Hatin tiy) dy + 
+ —o 


+5- | Matin fe-tiy) dy = I-A, 


say, the last integral being a principal value. 


The integral 
r _,U(n+$+k—iy) ; 
| (* : Tey atid dy 


is majorized by an integral with integrand independent of n, and the 
function in curly brackets tends to 1 when n oo, for every y. Hence 


L°) 


(6.12.8) md, > = | U(s+ty)b(S-+4y) dy 


iad | (diy) Pesid+iut SEOY dy = il, 


e2zlvlt 
say. As regards J,, we have 
: Qt 21 : 
b(n-+1y) = ]—e27y (y > 0), , ~~ J e-2ary (y < 0); 
and so 
(6.12.9) : 
_ _; { P&+1—-y) \_Sgny 
J,= —t Tay +) get dy 
_ (Pty) PEI +iy) - | dy 
= i pay OE ia sa, 
0 
the last integral being absolutely convergent. It follows that 


t We divide the range of integration into (0, 8) and (8, 00), where 0 < §< 1. It is 
clear, on grounds of ‘dominated convergence’, that the part of the integral over (5, 00) 
is O(n-8). In (0, 8) we may expand 

: T(k+1—ty) y 
b ee eds Lf. ae 
Met sy), Til—wy) ’ @av—j 


as uniformly convergent power series P(y/n), Q(y), R(y); and it then becomes plain that 


6 { P(Zow—P(—2)o(—v)} 20) ay = ome), 
0 
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and from (6.12.7) and (6.12.8) that 


(6.12.10) 8! = —inkI+o0(n*)+JS+0(n-*). 
Now 
_ — Uim—z+k+)) = _ 7 
(6.12.11) J | Tae) u(z) de = | — | — L—L, 
t My, mM, 


where M, and M, are the lines through } and n parallel to the positive 
direction of the imaginary axis. On M,, z = re’, where 0 < 6 < }r, 
@ > 47; and |e4#*| = e-4r*sina®, Tt follows} that 


(6.12.12) L, ~ ink i] (4-Liy) Pesta’ dy = ink I*, 
We now take a (small) fixed 5, and write 
(6.12.13) 
CT (k-+1—iy) roe 
I. = 4 Sot : et , — ; — ‘ 
oe) Td —iy) u(n+iy) dy if tt) gtd, 
0 n 


In I, y > 8n, and z = n+ty = re, where 0 <w <0 < 3a and w 
depends only on 6. Hence 
| eAze*| — e~Ar* sin af < e~Br* 


|e] = r-Bev? < Or-B, dy = cosec@ dr < Ddr, — 


and 
(6.12.14) L, = of | pk-Be-Br* ar) = O(e-E"), 
bn 


B, C, D, and E being positive functions of 6. 
Finally, if 0 << y < 6n, we have 
eAt(intiy)® —_ edin*—Aan*ty+... =e O(e-Fn* ry), 


where F is a positive function of 6. Hence 


1 dn 
(6.12.15) = ofn-A( if e-Fny dy + | yee—Fnt ty iy)| 
0 i 


= O(n-#)}4-0{n- | yberFor dy) = Ofn-Pxeen0-ay, 
0 


since (k-++-1)(l—a) > 0. 
Finally, S and 8’ differ by $f(”) = O(n-*). Hence, collecting our 
results from (6.12.10)-(6.12.15), and remembering again that 
(k+1)(1—a) > 0, 
we find that 
S = ink(I*—1)+0(n*)+ Ofn-BHe+0G-o)}, 


+ Again by a simple argument based on majorization. 
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If & satisfies (6.12.2) then —8+(k+1)(1—a) <k and n-*§ + i(I*—1), 
so that the series (6.12.1) is summable (C, x), to sum i([*—Z). 

To prove the negative assertion of the theorem, we must estimate 
I, more precisely. If we replace (n+-iy)-> by n-, and Ai(n+iy)* by 
Ain*— Aan*-1y, we obtain 


: wna {| U(k+1—ty) a- 
—bpAin —Aan* ty 
ine Td iy) e v dy. 
When 7 is large, n4-1 is small, so that the integral here is dominated 
by the part in which y is large; and we are thus led to replace the 


quotient of gamma-functions by (—iy)*. This leads us to the conclusion 
that 


—I, ~ —in-beAin* J (—iy)ke-Aan*'y dy 
= e-Hk+DmiD (e+. 1)(Aa)-k-lp PHM ag din®, 
There is no particular difficulty in making this conclusion rigorous, 
and we suppress the details of the proof. It follows that, when 
(k+1)a+B < 1, S involves an oscillating term whose order is at least 
nk, and that the series is not summable. 


NOTES ON CHAPTER VI 


§ 6.1. Theorem 63 was proved by Hardy, PLM S (2), 8 (1910), 301-20, except 
for the clause concerning summability by means of negative order, which was 
added by Hardy and Littlewood (l.c. under § 5.7); and Theorem 64 by Landau, 
PMF, 21 (1910), 97-177 (103-13). The method of proof here, based on Theorems 
65 and 66, is Hardy’s. A good many other proofs have been given, particularly 
for the special case k = 1, which is important in the theory of Fourier series. See, 
for example, Bromwich, 423-6; de la Vallée-Poussin, Cours d’analyse infinitésimale 
(ed. 6, Louvain, 1926, 11, 109); Kloosterman, JZMS, 15 (1940), 91-6; Mordell, 
J LMS, 3 (1928), 86-9, 119-21, 170-2. 

Theorem 67 was found by Hardy, PLMS (2), 12 (1913), 174-80, in the more 
general form in which > a, is given summable by Riesz’s typical means of some 
order. A gap in Hardy’s proof was filled by Ananda Rau, PEMS (2), 17 (1918), 
334-6. The form of the proof here for k = 1 is due to Bosanquet. 

Hardy states erroneously that a, > —H(A,—An_1)/An is @ sufficient condition: 
the mistake was corrected by Ananda Rau, PLMS (2), 30 (1930), 367-72. On 
the other hand, the two conditions 

(1) an > —H(An—Ana)/An (2) lim a, >o0 
are sufficient: in this case A(x) is slowly decreasing in the sense of §6.2. This 
theorem is included in one due to 8zasz, Miinchener Sitzungsberichte (1929), 325-40: 
see the note on § 7.7. If An,1/A, — 1, then (1) implies (2) and is sufficient in itself. 

§ 6.2. The definitions of slowly oscillating and slowly decreasing functions and 
sequences are due to R. Schmidt, MZ, 22 (1924), 89-152 (127-42). We shall use 
two forms of the definitions, the first appropriate to the interval (0, 00), the second 
to (— 00, 00): see § 12.2. It is the first form which is relevant here. 

4780 L 
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§ 6.3. Hardy and Littlewood, MM, 43 (1914), 134-47. Actually the convergence 
of > n?-1\a,,|? is a sufficient condition for the corresponding theorem concerning 
summability (A). 

§ 6.4. Theorem 70, for integral parameters, is proved (though not quite 
explicitly) by Hardy and Littlewood, PZMS (2), 11 (1913), 411-78 (437). The 
theorem is the case 8 = 0 of their Theorem 19, with ‘bounded (C,r—k), summable 
(C,r)’ in the hypotheses. They state their result only for B > 0, but the proof is 
valid for B = 0. 

There is a considerable literature concerning the general form of the theorem 
with unrestricted parameters, and extensions of it important in the theory of 
Dirichlet’s series. See, for example, Ananda Rau, PLMS (2), 34 (1932), 414-40; 
Andersen, Studier, 55 et seq.; Bosanquet, JLMS, 18 (1943), 239-48; M. Riesz, 
MTE, 29 (1911), 283-301, and AUH, 1 (1923), 104-13; Zygmund, MZ, 25 (1926), 
291-6. Bosanquet gives further references. 

§§ 6.5—6. Theorem 71 was proved independently by Bohr [CR, 148 (1909), 
75-80; Bidrag, 61-9] and by Hardy [PLMS (2), 6 (1908), 255-64; and 8 (1910), 
277-94 (278-81), where a mistake in the earlier paper is corrected]. A number 
of special cases had been proved earlier by various writers, e.g. by Bromwich, 
MA, 65 (1908), 350-69, and by Hardy [PLMS (2), 4 (1906), 247-65 and MA, 
64 (1907), 77-94]. 

The theorem was extended to general k by Andersen, Studier, 44-55. Simplified 
proofs of the generalized theorem, and further extensions, have been given by - 
Andersen, PLMS (2), 27 (1928), 39-71, and Bosanquet, JLMS, 17 (1942), 166-73. 

The necessity of the conditions (in the sense explained on pp. 130-1) was proved 
for integral k by Fekete, MT E, 35 (1917), 309-24, and for general k by Bosanquet, 
lic. supra. 

There are a number of theorems which include both of Theorems 71 and 76, 
especially for integral parameters. Thus Bosanquet, PLMS (2), 50 (1948), 295- 
304, has proved that if k and l are integers, —1 < l < k,and pis any real number, 
then, in order that >.a,f, should be summable (C,1) whenever AK = O(n¥+?), it is 
necessary and sufficient that 


Sn = o(n-P-k), Se nPrFlARHE,| < 00. 


If, for example, p = 0, we obtain necessary and sufficient conditions that 5) a, f, 
should be summable (C,1) whenever > a, is summable or bounded (C,k). This 
case of the theorem was stated without proof by Schur, JM, 151 (1921), 79-111 
(106), and proved by Bosanquet, J LMS, 20 (1945), 39-48. It reduces to 
Theorem 71 for 1 = k; and there is a variant in which > a, is summable (C,k) 
and f, = O(n'-*). 

The special case 1 = 0, p = 0 is considerably older. The sufficiency of the 
conditions in this case was proved by Bromwich, l.c. supra, for integral k, and by 
Chapman, l.c., under § 5.5, generally; and the necessity by Kojima, TMJ, 12 
(1917), 291-326. See Moore, Convergence factors, 45-6. 

More recently Bosanquet, PEMS (not yet published), has extended his theorem, 
with the slightly narrower conditions 0 < 1 < k, p > 0, to non-integral k and l. 

Theorem 76 was stated (at any rate for integral k) by M. Riesz, CR, 148 
(1909), 1658-60; and proved, for general k, integral s, by Chapman, I.c., under 
§ 5.5, 388-9. There is a proof for general k and s by Zygmund, BAP (1927), 
309-31; and another by Ananda Rau, left incomplete at one point in his paper 
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referred to under § 6.4, has been completed by Minakshisundaram, JIMS (2), 
2 (1936), 147-55. 

There are analogues of these theorems for ‘absolute summability’. The series 

> a, is said to be absolutely summable (C,*), or summable \C, k|, if 

> |Ck(A)— Ch,(A)| < 00. 
Thus summability |C,0] is absolute convergence: the definition is Fekete’s. We 
shall not be concerned with absolute summability here, but theorems corre- 
sponding to Theorem 71, and others of these sections, have been proved by 
Bosanquet, Fekete, and Kogbetliantz. References will be found in Kogbetliantz 
and in Bosanquet’s papers quoted here. 

We add a remark about the argument in the text. We deduce Theorem 76° 
(for integral k and e) from Theorems 47, 71, and 65. Alternatively, we may deduce 
it from Theorems 47 and 66. It is trivial if k = 0. If k > 0 then, in order that 
> 1a, should be summable (C, k— 1), it is necessary and sufficient that > n-*Ak-2 
should be convergent, and this is easily proved by partial summation. The proof 
is valid for non-integral k. 

We can also vary the proof so as to avoid an appeal to Theorem 47. 

§ 6.7. Theorems 77 and 78 were proved by Hardy and Littlewood, MZ, 19 
(1924), 67-96: they are closely connected with others proved independently by 
Knopp, ibid. 97-113.. Later, Andersen, PLM'S (2), 27 (1928), 39-71, and Hardy 
and Littlewood, ibid. 327-48, transformed and generalized them in various ways. 
See Kogbetliantz, 33. 

§ 6.8. It is, as usual, difficult to give precise references for the integral theorems. 
For the equivalence theorem, see Landau, Leipziger Sitzungsberichte, 65 (1913), 
131-8; for the analogue of Theorem 71, Hardy, MM, 40 (1910), 108-12; for the 
points discussed at the end of the section, M. E. Grimshaw, JLMS, 9 (1934), 
94-102. 

§§ 6.9-10. The substance of the results here is due to Chapman and Knopp, 
l.c., under § 5.5. 

§ 6.11. The bounded convergence of the series (6.11.1), and the uniform con- 
vergence of (6.11.4), were proved, less directly, by Hardy, QJM, 44 (1913), 
147-60. See also Landau, Ergebnisse, 68-9. 

The most interesting case of Theorem 83, in which >} a,z"% = (1—z)-#-1, is 
equivalent to a theorem of M. Riesz, AUH, 1 (1923), 114-26. It is stated more 
explicitly by Fejér, MZ, 24 (1925), 267-84 (269). Szegd, MZ, 25 (1926), 172-87, 
gives a different proof, based on Kaluza’s Theorem 22, and a generalization to 
the case B > 0. 

The proof of Theorem 83 is a little more complex when B = 0 than when 
B <0. It is worked out in detail for the case a, = n'” by Hardy and Rogosinski, 
OQJ, 16 (1945), 49-58. 

§ 6.12. The main result is due to Hardy, PLM'S (2), 9 (1911), 126-44; but the 
discussion there is not quite satisfactory for our present purpose, since it is based 
on the restricted form of Riesz’s means of § 5.16 in which w assumes integral 
values only. It is not difficult to modify the argument so as to take account of 
non-integral w, and prove that the series issummable (R,n, k) when (k-+ lja+B>1; 
but then we need the troublesome Theorem 58 (proved in § 5.16 only for integral k) 
in order to infer summability (C, k). 


VIL 
TAUBERIAN THEOREMS FOR POWER SERIES 


7.1. Abelian and Tauberian theorems. We shall be concerned 
throughout this chapter with a set of theorems of the kind usually 
called ‘Tauberian’. We used this word in §6.1, and gave a short 
explanation of the nature of a Tauberian theorem. The theorems which 
we prove here are more difficult, and our exposition of them more 
systematic, so that it will be best to begin by a more precise definition 
of the meaning of the word and of the word ‘Abelian’ with which it is 
contrasted. It is convenient to use notations differing in some points 
from those which we have used hitherto. 

We denote the series and integral 


(7.1.1) > a; Jaw dt 


by S and J, and their values, when they are convergent, by s and 
(so that, for example, S == s means that > a, converges to s). We write 


Spy == Ag tay+... +n, jt) = f acm) du, 


0 


Sy) = Laem, Sly) = | alte de, 


when y > 0 and the series and integral are convergent. By S = s(A) 
or J = j(A) we mean that S(y) > s or J(y)->j when y > 0, and by 
S = 8(C) or J = j(C) we mean that the series or integral (7.1.1) is 
summable (C, 1) to s or j: we shall not have occasion to consider Cesaro 
summability of any other order. We denote the hypotheses 


S=s, J=j, S=s (A) J=j (A), S=s(C), J=j (C) 


by K, K’, Ky, K'4, Ko, Ko 
respectively. 


and 


An ‘Abelian’ theorem is, roughly, one which asserts that, if a sequence 
or function behaves regularly, then some average of the sequence or 
function behaves regularly. Thus ‘if s, > s then 


Gove Sots TS8n ae 
. n+1 


or ‘K implies K,’ and its integral analogue ‘K’ implies Kq’ are Abelian. 
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Abel’s theorem on the continuity of power series is an Abelian theorem 
(and it is from this that the name is derived). For 
2 

Ayg+a,x%-+a,27+... = ee ie 
when 0 < x < land the series are convergent; the right-hand side is a 
certain average of the s,; and Abel’s theorem asserts that this average 
tends to s, when 2 > 1, if s, itself tends to s. Generally, any theorem 
asserting the regularity (§ 3.2) of a method of summation is an Abelian 
theorem. | 

The direct converse of an Abelian theorem is usually false. It is 
obvious, for example, that, if the regularity theorem for any method of 
summation is reversible, then the method is trivial in the sense that 
it will sum convergent series only. There are, however, many important 
theorems which may be called corrected forms of the false converses of 
Abelian theorems. Thus we saw in §6.1 that the false theorem ‘oc, > s 
implies s,, — s’, or ‘Ky implies K’, becomes true if we subject s, to an 
appropriate additional condition, such as a, = O(n-). Such theorems 
are called ‘Tauberian’, after A. Tauber, who first proved one of the 
simplest of them; and the supplementary condition is called a ‘Tauberian 
condition’. 

The most important Tauberian conditions with which we shall be 
concerned here are 

(0) a, = o(n-*), (O) a, = O(n-), (Oz) a, > —Hn-, 
(Og) Q@, < An-, 

and their integral analogues 

(0’) a(t)=o(t-1),  (O’) a(t)=O(t), (Of) a(t) > —Ht-, 

(Op) a(t) << At. 

Here # is a positive constant, and the conditions on a(é) are supposed 
to be satisfied for large ¢. The behaviour of a(t) for small t will be 
irrelevant; we shall usually suppose only that it is integrable down to 0. 

We shall also use two generalizations of (0) and (0’), viz. 


(w) Q,+2a,+...+na, = o(n), 
t 

(w’) J ua(u) du = o(t). 
0 


7.2. Tauber’s first theorem. The first of Tauber’s theorems was 


THEOREM 85. If > a, 1s summable (A) to sum s, and a, = o(n-), 
then > a,, converges to s 
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or ‘K, and o imply K’. The integral analogue is ‘K', and o’ imply 
K"’. We call this Theorem 85a, and use this notation for integral 
analogues generally. 

We begin by proving Theorem 85a, and deduce Theorem 85 as a 
corollary: we might also prove Theorem 85 directly by an argument 
running parallel to that used in the proof of Theorem 85a. 

It is plain that (o’) implies the absolute convergence of J(y) for y > 0. 
Also 


l/y « 


i(;)-70) = i] a(t) dt — J e-via(t) dt 


0 
ly “4 
= [1—ema(e dt — few) ae = PQ: 


P= [ow () dt = be dt = o(1), 
0 0 


since 0 < l—e- < yt; and 


Q | e-wo() dt = ole a = | fe au) = 0(1). 


Hence j(1/y) = J(y)+0(1) >j when y — 0, i.e. 7(t) > 7 when t +00. 
To deduce Theorem 85 we take a(t) = a, forn <t<n+l1. Then 
n+ 


J(y) = > a few dt = 2 > a,{e-rY — ein +I} 
n J y 


l—e-¥ ]—e-¥ 
= a,e- = S(y), 
; > n yoo 


so that S(y) > s implies J(y)—>s. Also a, = o(n-) implies a(t) = o(t-4); 
so that Theorem 85 follows from Theorem 85a. . 


7.3. Tauber’s second theorem. In Tauber’s second theorem the 
hypothesis o is replaced by w. This changes the character of the 
theorem; for the convergence of S implies w, by Theorem 26, so that 
w is a necessary condition for K. 

THEOREM 86. If > a, is summable (A) to s, then w is a necessary and 
sufficient condition for its convergence to s. 

The integral analogue is ‘if K’, is true, then w’ is necessary and suffi- 
cient for K”. It will be convenient, here and later, to prove the main 
theorem and its integral analogue together, as special cases of a theorem 


7.3] POWER SERIES 151 


concerning Stieltjes integrals. We take for granted the definition and 
elementary properties of the ‘Riemann-Stieltjes’ integral 


T 
| £@ dat), 


a 
where (a, 7’) is finite. In particular we assume that the integral exists 
when one of the functions is continuous and the other of bounded 
variation, and that 
T 


T 
(7.3.1) f f(t) dat) = f(P)a(T)—f(a)a(a)— [ a(t) aft). 

We shall always suppose that a(t) is of bounded variation and that 
a(0) = 0. We shall nih use the equetion 


(7.3.2) j fit) da(t) = j DAB, 


t 
where A(t) = | g(u) da(u), f and g are continuous, and g > 0. 
We define the Suleltes integral over (a, 00) by 


j f(t) da(t) = lim mf f(t) dat). 
The integrals with which we shall be eouearned are of the type 
(7.3.3) I(y) = { et da(t). 


0 
We shall always suppose J(y) convergent for all positive y, in which 
case a(t) = o(e”) for all such y. If a(¢) is absolutely continuous, and 
«’(t) = a(t), then I(y) reduces to J(y). If a(t) is the step-function with 
jumps a, at the points ¢ = n,f then it reduces to S(y). Thus any 
Abelian or Tauberian theorem concerning J(y) will contain one for J(y) 
and one for S(y). 

THEOREM 87. If o(t) > 1 when t > 00, then I(y) ts convergent for y > 0, 
and I(y) >1 when y > 0. 


For . 
I(y) = lim few aa() 

T->o |. 

i) : fe 
= lim fe-w™ a(T')+y i e~Vi(t) a =y i} e~Ya(t) dt, 
neue 0 0 
and so I(y) > limly J e~¥ dt = l. 
yO 5 


t And a(+0)—a(0) = a(-+0) = ay. 
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Next, we prove a theorem which includes Theorems 85 and 85a. 


THEOREM 88. Jf I(y) is convergent for y > 0, and I(y)>1 when 
y -> 0, then a necessary and sufficient condition that f da(t) = l, t.e. that 
a(t) > 1 when t > 00, ts that 


(7.3.4) A(t) = | u da(u) = o(t) 
when t -> 00. : 


First, the condition is necessary because 
t 


R(t) = ta(t)— [ a(w) dw, 


0 


t 
PO) = a()—F | au) du—>I—l = 0 


if a(t) > 1. 
Secondly, if (7.3.4) is satisfied, then (7.3.2) and (7.3.4) give 


t t t 
a(t) —o(1) = [ daw) -{% = FO _aqay4 [Qa 
1 1 1 


t 


= aay4-00)-+o{ f “) = o(logt) = o(t) 
i 
f 
and so y(t) = i] (u-+1) do(u) = B(t)--a(t) = o(t). 
Now j 
| e-Y da(t) = | aa dy(t)=y | “eu dt + | ' ae a dt. 


The first term on the right is o(y | e~“ dt) = 0(1), and so 
—yt _— y(t) —yt 
[ 80 y a= | oie dt >I. 
But 6(¢) = o(¢-1), and therefore, by Theorem 85a, | 5(t) dt converges to 1. 
Finally, 
= oe [ a a= | 3 dt =1 
j 205) a ee] Oe 


Thus (7.3.4) is a sufficient as well as a necessary condition. Specializing 
a(t) as stated, we obtain Theorems 86 and 86a. 
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7.4. Applications to general Dirichlet’s series. (1) If A, > 0, 
Anti > An An >, and a(t) is a step-function with jumps a, at the 
points A,,, then 
(7.4.1) I(y) = Dd a, es; 
and this specialization of a(t), in any of our theorems, leads to a theorem 
about such a Dirichlet’s series. Thus Theorem 87 leads to the regularity 
theorem for the (A,A) method of summation. We shall not consider 
the properties of the general series (7.4.1) in any detail here, but we 
illustrate our remarks by proving the Tauberian theorem for Dirichlet’s 
series which corresponds to Theorem 85. 

TuroreM 89. If S(y) = > a,e~*4 is convergent for y > 0; S(y)>s 
when y -> 0; and 


(7.4.2) ge oa) 


then > a,, converges to s. 
We apply Theorem 88, taking 


a(t) = > ay. 
An<t 
Then I(y) = S(y) > s. Also, if A, is the last 4, less than ¢, then 


t 
Bt) = [ wda(u) = ¥ Anan 
= Apdo ¥ Oly—An-a) = o(A,) = off) 


Thus the conditions of Theorem 88 are satisfied, and a(t) —>s, ie. 
> a, = 8. . : 

(2) The condition (7.4.2) is, roughly, the stronger the more slowly 
A, tends to infinity: thus it is a, =o(n-!) when A, =n, and 
a,, = o{(nlogn)—} when A, = logn. A divergent series which satisfies 
the first condition cannot, after Theorem 85, be summable (A), but it 
may well be summable (A,logn). The latter method is not, in the 
language of §§ 3.8 and 4.12, so ‘powerful’ as the A method, since it can 
apply only to series > a, such that > n~¥a, is convergent for all posi- 
tive y. Thus it is not applicable to such a series as 1—2+3—...; but, 
as is shown by Theorem 28 of § 4.8, it is at least as effective within its 
limits of applicability; and the example of the series > n-1!-© shows 
that it is sometimes more so (§ 7.9). 


7.5. The deeper Tauberian theorems. We pass now to a series 
of theorems of a more difficult character, of which the best-known and 
in some ways the most typical is 
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THEOREM 90. If > a,, is summable (A) to sum s, and a, = O(n-), then 
> a,, converges to s. 


That is to say, ‘K, and O imply K’. This theorem is a direct 
generalization of Tauber’s theorem 85, the condition o being replaced 
by O. Some prefatory remarks will be useful. 

(1) If $a, is summable (C,k), for any k, then, by Theorem 55, it 
is summable (A). Hence Theorem 90 includes Theorem 63 of Ch. VI. 
Generally, any Tauberian theorem for A summability includes one for 
(C,k) summability, though an independent proof of the latter is usually 
easier. 

(2) There are naturally variants of the theorems of §§ 7.2-4 in which 
‘o’ is replaced by ‘O’ in both hypotheses and conclusion, and the proofs 
of these are trivial variants of those of the ‘o’ theorems. Thus Theorem 
85 has the variant 

‘af 8, = O(1) (A), 2.e. of S(y) is bounded when y > 0, and a, = O(n-), 
then s, = O(1)’, 
and the proof, being a slightly simpler variant of that of Theorem 85, 
need not be set out in detail. We shall sometimes wse such theorems, 
and shall indicate them by an [0], Theorem 85 [O], for example, being 
the theorem just stated; but we shall take the proofs for granted. The 
significant theorems of the next sections will be those in which, as in 
Theorem 90, ‘O’ occurs in one of the hypotheses but ‘o’ in the conclusion. 

Similarly an integral nee Theorem Xa, will have an ‘O’ form, 
Theorem Xa [O]. 

(3) We shall sometimes use one-sided order conditions of the types 
a,, > —Hd(n) or a, < Hd(n), where a,, is real and H and ¢(n) are posi- 
tive. We shall write these as a, = O,{¢(n)} or a, = Op{d(n)}. Thus 
a, > —Hn-' or a, = O,(n-1) is the condition O; of §7.1. Actually, 
only O, will occur in our theorems, since a theorem with an Op may 
be deduced by a change of sign from the corresponding theorem with O,. 

We now state a series of theorems which we shall consider together 
with Theorem 90. 


TuroreM 91. Jf >a, = 8(A), a, ts real, and a, = O,(n-"), then 
> a, = 8. . 

THEOREM 92. If > a, = s(A), and s, = O(1), then > a, = s(C, 1). 

THEOREM 93. If > a, = s(A) ands, > 0, then ¥ a, = s(C,1). 

THEOREM 94. If >} a, = s8(A), @, ts real, and 8, = O,(1), then 
> a, = s(C, 1). 
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THEOREM 95, If | 
(7.5.1) fle) = Ya," ~ a 


—x 
when x ->1, and a,, = O(1), then s, ~ On. 

THEOREM 96. If (7.5.1) is true, and a, > 0, then 8s, ~ Cn. 

THEOREM 97. If (7.5.1) ts true, a, is real, and a, = O,(1), then 
8, ~ Cn. 

In the last three theorems (7.5.1) is to be interpreted as (1—x) f(x) > 0, 
and s, ~ Cn as s, = o(n), when C = 0. Since 1—e-¥ ~ y when y > 0 
(7.5.1) is equivalent to S(y) ~ Cy-}. 

All these theorems are of the same depth, and it is comparatively 
easy to deduce any one of them from any other: the most interesting of 
these deductions will be found in §§ 7.7 and 7.8. In some cases the deduc- 
tions are quite trivial. Thus Theorem 93 is obviously a special case of 
Theorem 94, and Theorem 96 of Theorem 97. Theorems 90, 92, and 95 
are special cases of Theorems 91, 94, and 97 respectively when a,, is 
real, and may be reduced to special cases of them in any case by con- 
sidering real and imaginary parts separately. Thus we have only to 
prove Theorems 91, 94, and 97. 

Next, Theorem 94 is a corollary of Theorem 97. For if the conditions 
of Theorem 94 are satisfied, then 


and s,, = O,(1). Hence, assuming the truth of Theorem 97, and apply- 
ing it to > s, 2”, we obtain 
Sots t..- +8, ~ Nn 
or > a, = 8 (C,1). 
Finally, while Theorem 96 is a special case of Theorem 97, the latter 
is a corollary of the former. For if the conditions of Theorem 97 are 
Bausners and a, > —H, say, then 6, = a,+H > 0 and 


> 6,2" = > ay oy nw om 


1—z - 
Hence (assuming Theorem 96) we have 
bo +b,+...+6, ~ (C+H)n, 
and therefore s, ~ Cn. 

Thus it is enough to prove Theorems 91 and 96. The set of integral 
analogues of the theorems may be reduced in the same way. Actually,” 
we shall prove Theorems 96 and 96a directly and deduce Theorems 91 
and 91a from them. 
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7.6. Proof of Theorems 96 and 96a. We shall prove Theorems 96 
and 96a as special cases of a theorem concerning Stieltjes integrals. 


THEOREM 98. Jf a(t) increases with t, 
I(y) = | e-# dat) 
is convergent for y > 0, and I(y) ~ Cy-1, where C > 0, when y > 0, then 
a(t) ~ Ct. 
We need two lemmas. 
THEOREM 99. If g(x) is real, and Riemann integrable in (0,1), then 
there are polynomials p(x) and P(x) such that p(x) < g(x) < P(x) and 


1 (oo) 


| {P@)—p(a)} de = [ e{P(e)—ple} dt <e. 


0 


(i) Suppose first that g is 1 in (a,8), where 0 <a< 6 <1, and 0 
outside (a, 8). We can plainly find a continuous At such that 


g<h, i) (h—g) dx <e. 


By Weierstrass’s theorem, there is a polynomial Q such that |h—Q| < . 
If P = Q-+e, then g <h < P and 


[ (P-9) dx < i} (P—Q) dx +f \Q—h| dx + { (h—g) dz < 3e. 


Similarly there is a p such that p < g and (g—p) dx < 3c; and p and 
P satisfy the requirements of the theorem (with 6 for «). Thus the 
theorem is true for this special g. 

(ii) It follows by multiplication and addition that the theorem is 
true for any finite step-function. 

(iii) If g is any Riemann integrable function, then there are finite 
step-functions g, and g, such that 


%2<9<9 | W291) dx <e. 


We associate polynomials p,, P, with g,, and p,, P, with g,, in the 
manner prescribed by the theorem. Then p, <g < Ff, 


[(P-g)de<e  { a—p,) de <«, 
and { (Py—p,) dx = | {(P2—92) + (G2—91) + (91—P1)} du < 3e, 


which proves the theorem. 


+ Which may be g in (a, 8). In what follows integrals with respect to x, without 
limits shown, are over (0, 1), and those with respect to ¢ over (0, 00). 
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In our second lemma we require a little more knowledge of the 
Stieltjes integral than we have presupposed up to the present. We 
assume that, if f and g are of bounded variation, but not necessarily 
continuous, in a finite interval, and have no common points of dis- 
continuity, then each is integrable with respect to the other. The 
formula for partial integration is still valid, but we shall not need it. 
Integrals up to oo are defined as limits, as in § 7.3. 

THEOREM 100. Suppose that a(t) increases with t, that I(y) 1s convergent 
for y > 0, that I(y) ~ Cy, and that g(x) is of bounded variation in 
(0,1). Then 

xy) = | evg(e™) dat) 


exists for all positive values of y except values T/w, where wis a discontinuity 
of « and + a discontinuity of g(e-); and 


(7.6.1) xy) ~& | eile“) at 


when y > 0 through any sequence of positive values which excludes these 
exceptional values. 


The values of y excluded are those for which g(e-“) and a(t) have 
common discontinuities: x(y) is not defined for such y. Since the w and 
the 7 are at most enumerable, we exclude at most an enumerable set 
of values y;, of y. 

Since a function of bounded variation is Riemann integrable, we can, 
by Theorem 99, choose polynomials p and P so that 


p<g<P, | e{ P(e+)—p(e+)} dt <e. 
Then i} e“p(e) dt << J e-g(e) dt < | e+P(e-) dt; 
and J e-Up(e-t) da(t) < J e-vig(e-vt) da(t) < | et P(e-u) dat), 
for y + y;, because a(t) increases with ¢. Now 


| evig-nut da(t) = | e-m+but da(t) ~ ; | ee” dt, 


C —— 
(n-+1)y 
and therefore 


| e-Yt P(e-¥) da(t) ~ ; | e*P(e-) dt. 
Hence, if y > 0 through any sequence free from values y,, we have 


(7.6.2) limy J e-Mg(e-v) da(t) < limy | e-ut P(e-t) da(t) 
y—0 y0 


=O J e-P(e) dt <C J e-tg(e) dt +Ce. 
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Similarly, using p instead of P, we obtain 


(7.6.3) lim y J e-vig(e—vt) da(t) > C J e-tg(e-) dt —Ce; 
y>0 


and (7.6.1) follows from (7.6.2) and (7.6.3). 
We can now prove Theorem 98. We suppose, as always, that «(0) = 0. 
We take 
g(t)=2? (2<2<1), g(a) =0 (0< a <e), 
so that g(e) = e for 0 <¢ < 1 and g(e~) = 0 fort >1. Then 


oo Vy 1 
= | e-Yg(e—Y") da(t) = | da(t) = af-}. 
xy) = f emgle-™) dato) = J dat () 


0 
ro) 1 

Also e“g(e—) dé = | dt = 1. 
{ 


Hence, by Theorem 100, a(y-1!) ~ Cy-1 when y > 0, i.e. a(t) ~ Ct when 
t > 00, exception being made in either case of a certain enumerable set 
of values. Here there is just one 7, viz. 1, and the values of ¢ excluded 
are the discontinuities of a(¢). Thus a(¢) ~ Ct when ¢->oo through 
points of continuity of «(é). Finally, since a(t) increases with ¢, it is true 
without reservation. 

Theorem 98 includes Theorem 96 and its integral analogue Theorem 
96a. If a(t) is a step-function with jumps a, > 0 for t = n, then 


I(y) = Sy) = Ya,e™, 
and S(y) ~ Cy- implies s, ~ Cn. This is Theorem 96. Similarly, if 
a(t) is absolutely continuous, and a’(t) = a(t), we obtain Theorem 96a. 
7.7. Proof of Theorems 91 and 914. We can now prove a theorem 
which includes Theorems 91 and 91a. We require two further lemmas. 
THEOREM 101. If f(y) is twice differentiable for positive y, and 
(7.7.1) fly)>4, : (7.7.2) f"(y) > —Ky>, 
when y > 0, then yf'(y) > 0. 
The theorem is one of an important type, and it will be instructive 
to give two proofs. 
(1) If y and y+-7 are positive, then 
(7.7.3) fy+—-fY) = af" K+ orf" yt On), 
where 0 < 6 <1; or 


(7.7.4) f'y) — AULD _ yop +00). 
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We choose 8 so that 0 < § < 1 and 
K8 
2(1—8)? 

and apply (7.7.4) with » = dy and 7 = —Sy. 
First, taking » = 8y, (7.7.1), (7.7.2), (7.7.4) and (7.7.5) give 
1 K8 1\ , Ké 1\ « 
P10) < oles) + spay < (By) Fy Slay) ty 
and so lim yf '(y) < e. 
Secondly, taking y = —dy, they give 


: 1 Kéy (2) Ks (3 Z 
2 0|—|—~—__ ~~. > of —) —-~-__ >ol—)|—-, 
IY) (5) 2(y— O8y)? dy) = 2(1—8)*y by] y 
and so lim yf’(y) > —e. 


Hence yf’(y) > 0. 
(2) We observe first that if d(y) = f’(y)—Ky- then 
Py) = f"(y)+Ky? > 0. 
Thus ¢ is an increasing function which has a finite derivative ¢’ for 
each y, and is therefore the integral of ¢’.t Hence f’ is the integral of f”. 
If yf’(y) +> 0, then one or other of the inequalities 


(7.7.6) f'y)> Hy, = fly) < —Hy 

is true for some positive H and a sequence of values of y tending to 0. 
Let us suppose, for example, that the first inequality (7.7.6) is satisfied 
for the values y = Y. If 


(7.7.5) <e, 


S8=H/2K, Y<y<Y-+sy, 

then ” 

: H d 

fy) =F'0)+ frees >F-«K(S 

Y 

Y+6Y 
>Hi [ w_H_K3_ Hi. 
FY y2 Y YY 2y’ 


Y 
and therefore 


Y+6Y H H2 
f¥+8¥)—fY) = J f'(u) du > s58Y = Fe 
which contradicts (7.7.1). Similarly, considering an interval 
Y—sY¥ <y<yY, 
we obtain a contradiction from the second inequality (7.7.6). Hence 
f'(y) = o(y-). 


t See, for example, Titchmarsh, Theory of functions, 368. 
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We can now prove 


Tuxrorem 102. If (i) I(y) is convergent for y > 0, and I(y) > 1 when 
y > 0; (ii) there is a function B(t) such that B(0) = 0, B(t) ~ t, and 


t 
(7.7.7) y(t) = LB(t)+ i u da(u) 
0 


is, for some positive L, an increasing function of t; then a(t) > I. 


It follows from the definition of f(t) that it is the difference of two 
bounded and increasing functions, and therefore of bounded variation, 
in any finite interval (0, 7). 

We observe first that 


(7.7.8) J e-vt dB(t) = y i) e-ViB(t) dt ~ y i te-v' dt = 
(7.7.9) J e-vtt dB(t) = i) e~u!(yt—1)B(t) dt 
ps y | Pew dt = | te-ut dt = aa = s 
I'ly) =— J te-v'da(t), I"(y) = | e-ut d(t). 
Hence, first, 
I'ly) = i) te-u! dy(t)—L | te-vt dB(t) > —L | te-vt dB(t) > 3 


Z 
y? 


for an appropriate M. It follows, by Theorem 101, that I’(y) = o(y7?). 


But 
I'(y) = — fe dyQ+L | e dp); 
and therefore, by (7.7.8), 
L 
7.7.10 “4 dy(t) ~ —. 
(7.7.10) ce cae 


Since y(é) increases, it follows from (7.7.10) and Theorem 98, that 
y(t) ~ Lt; and so that 


t 
(7.7.11) | u do(u) = y(t)— L(t) = o(t). 
0 


Finally, it follows from (7.7.11) and Theorem 88 that a(t) - J. 
This proves Theorem 102. If «(é) is the step-function of §7.4(1), with 
A, == 2, and na, > —H, we may take 


B®) =>). 
Then y(t) = LB) + Sy = S (na, +L) 


increases with ¢t if L > H, and we obtain Theorem 91. If a(é) is 
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absolutely continuous, «’(t) = a(é), and ta(t) > —H, then we may take 
B(t) = t, and obtain Theorem 91 a similarly. 

We make one further specialization of Theorem 102. Suppose that 
An < Ant An > 0 and 


(7.7.12) dust ~ Ans 

that a(t) is the step-function of §7.4(1), and that 
(7.7.13) iy > HAA adiAe- 
if BG) = {An —An-a) 


(with A_, = 0) and Z > dH, then 


t 
y(t) = LB(t)+ f wda(u) = ¥ {LOn—Ana) +n dn} 


is an increasing function of t. Also P(t) ~ Ay, where WN is the last value 
of n for which A,, < ¢; and (7.7.12) then shows that B(t) ~ ¢. Hence the 
conditions of Theorem 102 are satisfied, and we obtain 


THEOREM 103. If d,, tends to infinity so as to satisfy (7.7.12), a, satisfies 
(7.7.13), and S(y) = > a,e»¥ > s when y > 0, then > a,, converges to s. 

This theorem corresponds to Theorem 91 as Theorem 89 corresponds to 
Theorem 85; but there is an additional condition on An» Viz. (7.7.12). This 
restriction is essential; the proof fails without it, since it is then no longer true 
that B(t) ~ ¢; and the theorem itself becomes false. Suppose, for example, that 

Nem = 242-2, Nemes = 21, 
and a, = (—1)". Then a, > 0 ifn is even. Also 
Namyi—Aam _ 242 -2™— 2m" 
fami om 2 a l-}-t>h 
a a t-4>4 

sO that Gem+1 — —1 > —4(Nems1—Aam)/Aem41- 
Thus (7.7.13) is true with H = 4. Also 

Sly) = eB Yew poet) = et Oly F 2M) = 14 0(y) > 15 
but > a, is not convergent. 

There is a difference in this respect between Theorem 103 and the more direct 
generalization of Theorem 90, viz. 

TuEorEM 104. If S(y) = Y ane7*n¥ —> 8 and ay = Of(Ag—Ag_i)/An}, then Ya, 
converges to 8. 

Here it is not necessary to assume (7.7.12). 


7.8. Further remarks on the relations between the theorems 
of § 7.5. There are various methods of proving the theorems of § 7.5, 
the simplest being Karamata’s, which we have followed here. The 
original method of Hardy and Littlewood involves a technique of 
repeated differentiation, about which we shall say something in §7.12. 


{ See the note at the end of the chapter. 
4780 M 
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There is also the method of Wiener, which is the most powerful and 
the most general, but also the most difficult, since it depends on deep 
theorems in the theory of Fourier transforms. This we leave to Ch. XII. 

Each method involves a characteristic idea, leading to one of the 
theorems from which the others are deduced by more elementary 
devices. Thus Karamata’s idea is embodied in Theorem 100, and the 
Tauberian theorem to which it leads naturally is Theorem 96. The 
method of Hardy and Littlewood leads to Theorem 90 or Theorem 96, 
according to the manner of its use; while that of Wiener leads most 
naturally to Theorem 92. 

It is therefore interesting to examine the relations between the 
theorems more closely. We show here (i) how to deduce Theorem 92 
from Theorem 90, and (ii) how to deduce Theorem 96 from Theorem 92. 

(i) Deduction of Theorem 92 from Theorem 90. We suppose that the 
conditions of Theorem 92 are satisfied and, as we may without real loss 
of generality, that a, = 0 and s = 0. We write 


w 
Wy = 0, Wp, == A, +2d,+...+na, (nm > 0), UV, = nny 
so that 
Wy, = (N-+1)8,—S89—8,—...— 8, = O(n), VU, = O(n-}); 
and f(z) = da,2", g(x) = Dv, arth 
Then 
Be saihpl tan as Wn 1 Wn an __ Wn n+ 
g(a) +(1—a)g'(e) =D eat + Dhan — Doan 
= Wn mn Wn ; aoe Wn—Wn-1 os 
~ > ried Dara > n ia ed 
Hence 


g(x)-+(1—a)g'(z) = 0(1), f (deh) — of : \, 


l—2 (1—z)? 
and therefore, integrating, we have 
g(x) _ f_1 \ - mae 
#2) = o(-~=|,° 92) = o(1). 
Since g(x) = > v, 2%+1 = o(1) and v, = O(n-1), it follows from 
Theorem 90 that > v, converges to 0. But 7 
N 


y= > (a= Sweet 
iad —~\n n+l “ 1 n N+1 
_ Boyce = Sots. t8y 
N+1 NV+1 
Hence s9+8,+...+8y = 0(N), ie. ¥ a, = 0(C,1). 


+ The summations running from 1 to o. 
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(ii) Deduction of Theorem 96 from Theorem 92. We suppose the hypo- 
theses of Theorem 96 satisfied. Then, ifn > 1, we have 


1\-"< 1\" 1 | 
< {l—- —= —-}|= : 
< ( ‘] 2 an(2 ‘) < af(1 ‘] O(n) 
We write ¢,, = s,/(n-+1), so that ¢, = O(1). Hence, if 


b — ft —ty — Snir Sy =< On+1 _ he 
ne nt2 ntl n+2 (n+1)(n-+2)’ 
then 
(7.8.1) bot byt. +n = tnsa—8 = O(1), 
(7.8.2) pets 28a an H 


> 
(n+ 1)(n+2) n 
for an appropriate H. Next, 


Liaw =D oa = $f cde t") dt = pe > a, t”) dt 


f® 
-2 (2% ie ~6 f aip~ To 
and so 


(7.8.3) >Y bu" = (ty—to) + (tg—b) a+ (tg—te)v? +... 


From (7.8.3), (7.8.1), and Theorem 92 it follows that > b,, = C—ty (C, 1), 
i.e. 


(7.8.4) | iz tot" Om +C (CD). 


Finally, from (7.8.4), (7.8.2), and Theorem 64, it follows that t, > C, 
i.e. that 3, ~ Cn. 


7.9. The series > n-1-. We have seen in §6.11 that the series 
> n-1-*, where c is real and not 0, is not convergent, and that in fact 


m-ic 
Se ae +1-+0(1), 


where | is independent of n.t Since a, = O(n-1), it follows from 


+ We shall identify 2 as {(1+-ic) in Ch. XIII. 
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Theorem 90 that > a, is not summable (A): that it is not summable 
(C) followed from Theorem 63. It is summable (A, log 7), since 
Y n-bv-te — C(14-y+ic) > L(1+ic). 

Theorems 63 and 90, and the other theorems of §7.5, have many 
applications in the theory of Fourier series. It is known, for example, 
that the Fourier series of any integrable f(¢) is summable (A), or (C, 1), at 
any point of continuity or jump of f(t). If f(t) is of bounded variation, 
then its Fourier coefficients are O(n-!); and it then follows, from 
Theorem 90 or Theorem 63, that the series is convergent for all t. 


7.10. Slowly oscillating and slowly decreasing functions. We 
can generalize Theorem 91 further by the use of the ideas of § 6.2. 

TuzorEM 105. [f (i) I(y) = { e-“da(t) is convergent for y > 0, and 
L(y) > lL when y + 0; (ii) a(t) ts slowly decreasing; then a(t) > l when t > 00. 

THEorREM 106. If Da, =s (A), and s, is slowly decreasing, then 
> a, = 8. 

It is convenient to suppose, as plainly we may, that a(t) = 0 in an 
interval (0,7). We need a lemma. 


THEOREM 107. If a(t) ts 0 in an interval (0,7), and of bounded variation 
in any interval (0, T'), and I(y) is convergent for y > 0, then, if p > q > 0, 


{ a(pl)— old) ont gy — ec du. 
t U 


0 ylp 
The integral for J(u) is uniformly convergent in any interval 


0<v<uKC< U,and a(t) = o(e“) for all positive «. If0 <v < U, then 


U U foe) 
[ Fea = [Sf ew aaw 
U U 
v v 0 
fo) U foe) U 
. d eu d ( e-%. 
0 v 0 v 
°c U fo) 


_vt__p—Ut 
= { a u {ewan = {* w(t) dt. 
0 v 


0 


Finally, taking — y/p, U = y/q, we obtain 


_yt} ul] 
{¢ alt a— {aw dt 


= ~yt a —a 
= | colt) dt — | —- (qt) dt = { atid ME) out ay, 
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Passing to the proof of Theorem 105, we may suppose | = 0. Since 
a(#) is slowly decreasing, and bounded in any finite interval of positive ¢, 
we have 
(7.10.1) ea S -= 
for any fixed p and q with 0 <q < p and an appropriate H.{ Since 
I(y) > 0, 


00 yla 
(7.10.2) | eG) 6 dt = i hy ee o(log) = 0(1), 
0 ylp i . 
for any fixed p and q with 0 < q < p; and from (7.10.1) and (7.10.2) 
it follows, by Theorem 91a, that 


[eos —o. 
t 


Hence 
pT T 

(7.10.3) | au — [PO ao 
aT 0 


when T'-> oo. 

If a(¢) does not tend to 0, there is a positive M such that one or 
other of the inequalities a(t) > M, a(t) < —WM is true for a sequence 
of values 7 tending to oo. Let us suppose, for example, that the first 
inequality is true fort = T. We take g = 1, and choose p > 1 so that 
a(u)—a(v) > —4M for v > 95,0 <u < pv. Then, for sufficiently large 
t = T, we have | 

a(u) > a(T)—$M > 4M (I <u<pT); 
pT 
and therefore i) OAM) tay > 4M log p, 
7 
in contradiction to (7.10.3). 

Similarly (considering an interval to the left of a 7’) we obtain a 
contradiction from «(7') << —WM, and the theorem follows. Finally we 
obtain Theorem 106 by supposing a(t) an appropriate step-function. 


7.11. Another generalization of Theorem 98. We have so far 
proved our theorems in their simplest forms, ignoring the many 
generalizations which involve additional functions or parameters. We 
now illustrate these by an important extension of Theorem 98. We 


+ See § 6.2. 
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suppose throughout this section that 4(x) is positive and increasing 
for x > x», and tends to infinity with x; and that 


(7.11.1) f(x) = x° L(x), 
where o > 0 and 
(7.11.2) Lica) ~ L(x) 


for every positive c. Thus z°(log x)’ is a possible form of ¢(x), for x > 2, 
ifo > 0, 7 real, oro = 0,7 > 0. 


Turorem 108. If a(t) increases with t, I(y) = { e-™ da(t) is convergent 
for y > 0, and 


(7.11.3) Ity) ~ dy) 
when y > 0, then | 
p(t) 
7.11.4 a(t) ~ 
(7.11.4) O~ ReED 
when t > co. 


We suppose first that o > 0, when the proof is a simple generalization 
of that of Theorem 98. We write 
j\e-1 
pla) = (log ) (0<« <1), 
and use 


THEOREM 109. Jf g satisfies the conditions of Theorem 99, and o > 0, 
then there are polynomials p and P such that p <q < P and 


(7.11.5) J {P(a)—p(x)}p(x) dx = J e-te-lf P(e) —_p(e~)} dt < €I'(o).t 


THEOREM 110. If a(t) and I(y) satisfy the conditions of Theorem 108, 
and g(x) is of bounded variation in (0,1), then 


(7.11.6) xy) = [ evg(e™) dat) 

exists for all positive y except those specified in Theorem 100, and 
] 

(7.11.7) xy) ~ NG roel | e49-19(e-*) dt 


when y -> 0 through any sequence free from these exceptronal values. 


- The proof of Theorem 109 isa straightforward generalization of that 
of Theorem 99, the changes necessitated by the presence of the weight 


+ As in § 7.6, integrals with respect to x, without limits, are over (0, 1), those with 
respect to t over (0, 0). 
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function p(x) being almost trivial. If g is 1 in («, 8) and 0 outside, “a 
there is a continuous / such that 


9<h, | (h—g)pdz <e f pdx = (0), 


and a polynomial @ such that |Q—h| <e«. If P= Q+etheng<h<P 
and 


J (Pop de < [(P—Q)p de + [ 1Q—hip du + [ (h—g)p de < 3eF(o). 


Similarly we can determine p so that p < g and J (g—p)p dz < 3eI(c), 
and the result (with 6¢ for «) follows. Thus the theorem is true for this 
g, and so for any finite step-function. 
The final stage of the proof needs a little elaboration. We write 
M = max|g|, and wre é and é’ so thatO << €< &’ <1 and 


(7.11.8) 2M j pdze<c«I(c), 2M f pdx < «I'(a). 
Z 


We can then find finite step-functions g, and g, such that 
—M<En<9I<9<M 


Ps 
; ' eI'(c) 

; d = Se , 
ine and Yorn) de < Sere) oe 
from which it follows that 

e 
(7.11.9) | J (Ga—9;)p dx < €I'(o).+ 
é 


If we define g, as — M and g, as M in (0, €) and (é’, 1), theng, <g <g, 
throughout (0,1), g.—g, < 2M, and 
(7.11.10) J (92—9,)p dx < 3eI'(o), 


by (7.11.8) and (7.11.9). 
Finally, since g, and g, are finite step-functions, there are polynomials 
p and P such that p <9, <g <g, < P and 


[(P-m)p de < Po), — [ G—p)p de < (0). 


It then follows from (7.11.10) that [ (P—p)p dz < 5eI'(c), and this 
completes the proof of Theorem 109. 


Tt p is monotonic in (0, 1) and tends to infinity at one end or the other, except when 
o=1, 
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Passing to Theorem 110, we have 


J e-vie—nut da(t) = J en+Dut da(t) ~ ‘yl 


= pipet} ~ ata y*u(7) 


_ n-+1)-r4 (7) _ rls) | ete-mto—! dt, 


for fixed n, when y > 0. From this it follows that 
(7.11.11) | e-Vl.Q(e-w) da(t) ~ rot { e-4o-19(e~) dt 
Dio)" y 


for any polynomial Q. 
There are polynomials » and P such that 


p<g<P, few {Pe)—ple)} dt < Fo), 
and a fortiori | e-4o-1 P(e) —g(e)} dt < eI'(o). 


Hence, if y > 0o in the manner prescribed in Theorems 100 and 110, 
— ] ] 
lim ——— | e-vig(e-vt) da(t) < lim ——. | e-¥'P(e-%) dalt 
Hayy J MEM Aol) Stam Fey J PEN 


= Fe ak e-te-1 P(e) dt << ——~ Toi a e-te-lg(e-) dt +e. 
Similarly 
lim fe e-“"g(e-) da(t) > —— } ett2-19(e—) dt —e, 
— (I /y) T(o) 


and these two inequalities prove (7.11.7). 
We can now prove Theorem 108 (when o > 0). Choosing g as in the 
proof of Theorem 98, we obtain 


fe e-vig(e-¥) da(t) = fast) — = a(°) 
rf 


1 o- = o- 
Fie | orto) at = ra! dt = Tey 


0 
and the theorem follows from Theorem 110, since a(é) increases with f. 
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The argument fails when o = 0 and d(y—!) = L(y-!) >. In this 
case we replace Theorem 110 by 
THEOREM 111. Jf a(t) increases with t, 
I(y) = | e-™ da(t) ~ u(, 
and g(x) 1s continuous in (0,1), then 


xly) = f ereale-™) date) ~ L (7a. 


) 


and ‘so J e¥Q(eM) da(t) ~ u()) Q(1) 


—ylo—nyt ~w i ww 
Here Je yle—ny da(t) “rip 


for any polynomial Q. Since g is continuous, there are polynomials 
p, P such that p<g <P <p+efor0<4<1. Then 


J e-Vg(e—) da(t) < J e-¥tP(e-) dat), 
| sips 
iy) | e-vlg(e—H) da(t) 


oe oil ee ae : 
<lim aa | eu P(e”) da(t) = P(1) <g(1)+., 


i 
and similarl lin | e-vg(e—M) da(t) > g(1)—e. 
y a) gle) dot) > g(1) 


This proves Theorem: 111. We pass to the proof of Theorem 108, 
with o = 0. We cannot now choose g as in the proof of Theorem 98, 
that g being discontinuous. We take 


g(a) = (1-183) (+<2<l), 0 <e<e), 


so that e~g(e—) is 1—t for 0<t <1 and 0 fort > 1. This g is con- 
tinuous, so that, by Theorem 111, 
Li/y 1/y 1 
t) dt = 1—yt) d p~1(7), 
y | ate J vt) daft) ~ Ef, 
H 
(7.11.12) J a(t) dt ~ x(x). 


0 
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It follows from (7.11.12) that 
a+ 
J a(t) dt ~ (2+8x)L(x+8x) ~ (v+8x)L(2), 
a+6x ; a2+éa 
J a(t) dt ~ 8xL (a), f a(t) dt = 8xL(x)-+ofaL(x)} 


if$ > 0. Since a(t) increases with ¢ 
dxa(x) < daL(x)+of{xL(x)}, 


=— a(2) 


/ (7-11.18) im Fa) <1. 
x+82 
Similarly | a(t) dt ~ 8aL(x+82x) 
dxa(z+8x) > da L(x-+8x)+0{aL(x+8z)}, 
. a(x+dzr) 
(7.11.14) Lim Fer Se) Sa 


Finally, (7.11.13) and (7.11.14) show that a(x) ~ L(z). 


7.12. The method of Hardy and Littlewood. We insert here a 
short sketch of the method by which Hardy and Littlewood first proved 
Theorem 96. The method is less simple than Karamata’s, which we 
followed in §7.6, but depends on ideas which are interesting in them- 
selves. We begin by proving . 

THEOREM 112. If g(x) is differentiable for 0 <a <1, g(x) ~ O(1—z)-*, 
where C > 0, « > 0, when x -> 1, and g'(x) increases with x, then 

g' (x) ~ Co(1—ax)-*-1, 
If x= 1—y, g(x) = Gly), then G(y) ~ Cy-« and —G’(y) increases 
as y decreases. We choose a positive 5 such that 
(1—e)da < 1—(1+8)-* < (1+) da. 
Then G(y)— Gy +8y) ~ C{1—(1+8)-Jy-, 
and. therefore 
G(y)— G(y+sy) > C(1—e){1—(1+8)-*y-* > C(1—e)®ady-* 
for sufficiently small y. But —G’(y) increases as y decreases, and 


therefore 
ytd 


—byG'(y) > [ {—@')} dt = Gy)—Gy+8y). 


u 
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Hence —dyG'(y) > O(1—e)ady-* 
for sufficiently small-y, and 

lim{—y*#*@"(y)} > Ca(1—e)?. 


Similarly the upper limit does not exceed Ca(1-++«)?, and the theorem 
follows. 
A simple corollary is 


THEOREM 113. Jf c,, > 0 and 
g(x) = Yc, a" ~ C(l—z)-* (C>0,a>0), 
then g?\(a2) ~ Ca(a+1)...(a+p—1)(1—x)-*-?, 


for every positive integral p. 


Plainly g’(x) increases with 2, so that g’(x) ~ Ca(1—z)-*-!; and the 
argument may be repeated. 

From this point on we do no more than indicate the main lines of 
the proof. One preliminary remark will help to make it more readily 
intelligible. It follows from (7.5.1), by the simple argument used at 
the beginning of §7.8(ii), that s, = O(n); but the argument fails us as 
soon as we try to obtain a more precise result. The reason is, at bottom, 
that there is no such ‘peak’ in the sequence (x”) or (e-"¥) as would 
enable us to infer that the series is dominated by terms near a maximum 
term. We can, however, create such a peak artificially by p differentia- 
tions with respect to y. This replaces e-"¥ (apart from sign) by n?e-™¥, 
which has a maximum where n is about N = p/y. The maximum is 
about (p/ey)”, which increases rapidly with p, so that the peak is 
pronounced when 7 is large. Thus the fundamental idea of our proof 
will be that of differentiating a large number of tumes. 

Coming more to detail, we take C = 1, so that 


1 ° 

y? ’ 

and, after Theorem 113, we may differentiate this relation any number 
of times with respect to y. We thus obtain 


7 1 1 
Taner = se = aD yaw 


(7.12.1) > nPs, e-" ~ (p+l)!y-P-2 
for every p. Now 
(7.12.2) > nPe- ~ p!y-P-, 


The terms of this series have a peak about where n = JN, and decrease 
fairly rapidly on either side of it. It is therefore natural to suppose 
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(and is easily verified) that we can choose first a large p, and then an 
M depending on both p and y, so that M = o(N) and 
( + 3% \nvem < eplye 
nx<N-M 2n>Nt+M 
for small y. Also s, = O(n), so that s, cannot behave violently, and | 
it is therefore natural to suppose also that we can make a similar 
reduction of the series (7.12.1). 

It will follow that we can choose, first p = p(e) and then 


Yo =Yo (P,€) = Yol€), 


(7.12.3) 


so that 
N+M N+M 
(l—e) ¥ nPs,e- < (pt+l1)!y-?? < (Ite) > n?s,e-"¥ 
N=M N=M 


for y < y,(e). A fortiori, since s, increases with n, we shall have 
N+M N+M 
(l—e)sy_y > nPe-™ < (p+l1)!y-?? < (1+ €)8syiy > nPe-™. 
N=M N=M 


It will then follow from (7.12.2) and (7.12.3) that 
(1—2€)8y_ap < (p+1)y* < (14 2€)8yinr 
for large enough p and small enough y. Finally, since 
NtM ~N~ py", 
it will follow that sy ~ N. 

There is a good deal of detail to be added, but it is mostly a matter 
of routine; and the proof, though admittedly less simple than Kara- 
mata’s, should not be found difficult when once the ideas underlying 
it have been understood. 


7.13. The ‘high indices’ theorem. If ,,,,/A, > 1 or, what is the 
same thing, if 


(7.13.1) Ln = An—An-a 


An 
(7.13.2) a, = O(un), 
and S(y) = Da,e*4—>s, then $a, =s. This is a special case of 
Theorem 103, and we stated in Theorem 104 that the result is true 
without the restriction (7.13.1). 

A particularly interesting case is that in which A, increases sufficiently 
rapidly and regularly to make 


(7.13.3) Anti > CAns 


where c > 1 (as, for example, when A, = 2”). Then p, lies between 
(c—1)/c and 1, so that (7.13.2) reduces to a, = O(1). Thus in this case 


—> 0, 


7.13] : POWER SERIES 173 


the theorem asserts that the series is convergent whenever its terms 
are bounded. This assertion, however, does not contain the full truth, 
which is that, when 4, satisfies (7.13.3), then no restriction on a,, is 
necessary. 


THEOREM 114. If X, satisfies (7.13.3), and S(y) > s, then > a, con- 
verges to s. 


We may suppose A, > 0. The kernel of the proof lies in that of the 
lemma which follows. 


THEOREM 115. If X,, satisfies (7.13.3), Ay > 0, 


N 
fv) = Iu) = aye 
and \f(y)| < H for y > 0, then sad 
la,| < CH, . 
where C = C(c) depends only on c. 


R Z 
Suppose that P(y) = > p,e"", 
r=0 
where v, is positive and increases with r. Then 


N N R R 
Fy) = X an PAny) = 2X Gn 2 Prerey = & p,flv,¥); 
and therefore 


(7.13.4) [FyY)|<H > \p,|- 
We take, in particular, 


Ply) = {py)}* = [a(-r—2-)2 
Then p(y) is 0 for y = 0, increases to a maximum | at y = 1, and then 
decreases to 0. It is O(y) for small, and O(y-) for large y, so that the 


series es s 
S= re"), 8’ =F ale" 
are convergent. Also 


(7.13.5) S ipl = 4+} = 8, 


Suppose now that a,, is the a, (or one of the a,) whose modulus is 


me rat 704 
fl m- 


> lanl(I— > fPle-)}®— ¥ {o(er)}*), 


I 
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since A,,4,/A,, = ¢ and p(y) decreases as we move away from 1 in either 
direction. Also 


Y {ole*)}* < {p(e}HFR48, Dd {p(e)}* < {(p}F 18’, 


each of which decreases as R increases and tends to 0 when R->oo. 
We can therefore choose an R= R(c) for which > {p(e~*)}* < i, 


> {p(c*)}*® <4, 


(7.13.7) \F(L/An)| 2 |@ml\—4—2) = $14. 
It now follows from (7.13.4), (7.13.5), and (7.13.7) that 
lQn| < 2.8"H. 


This proves Theorem 115, but we need its extension to infinite series. 


THEOREM 116. The result of Theorem 115 is true for an infinite series 
fly) = > a, e-” convergent for all positive y. 


We choose a particular n, say, n = m, and a positive «. Then the 
series for f(y) converges uniformly for y > 0, and we can choose 
N = N(m,e) > m s0 that 


| Bane mee my| < [tei te < H+ 


for y > 0. Hence |a,,e-*«| < C(H-+«), and the result follows when 
e>0. 

It is now easy to prove Theorem 114. Since S(y) > s when y —> 0, 
there is a 5 = 8(e) such that | S(y)—S(y’)| < « when y and y’ both lie 
in (0, 25). Since S(y) is continuous for y > 8, and S(y) > 0 when y > 00, 
there is an 7 = 7(¢,5) = 7(e) such that 0 < 7 <6 and 


(7.13.8) |Sy)—Sy+n)| <e 


for y > §; and this is true also for 0 < y < 4, since then y and y+ 
both lie in (0, 28). Hence (7.13.8) is true for y > 0. Since 


S(y)—S(y+n) = > a,(1—enje ny, 
it follows from Theorem 116 that 
|a,,|(1—e-*»7) < Ce 


for all n, and so that |a,,| < 2Ce for large n. Hence a, = o(1). But 
then a,, = 0(p,,), because of (7.13.3), and the conclusion follows from 
Theorem 89. 


Notes] POWER SERIES 175 


NOTES ON CHAPTER VII 


§ 7.1. A great deal has been written about Tauberian theorems during the last 
thirty years, and the literature is rather confusing, since almost every theorem 
carries a number of variants, analogues, and generalizations, and it is often 
difficult to trace a proof, or even an explicit statement, of the precise theorem 
which one may need. We confine ourselves here to theorems of ‘power series 
type’, i.e. theorems associated with the exponential kernel e-*¥, and to the 
simplest and most striking among them. 

Our treatment of the subject in this chapter is based mainly on the work of 
Hardy and Littlewood and of Karamata. We return to it in Ch. XII, where we 
adopt the more general point of view of Wiener. There is a clear account of the 
fundamental theorems in Widder’s ch. 5. The following list of papers may be 
useful :— 

Ananda Rau [1], JZMS, 3 (1928), 200-5; [2], PLMS (2), 30 (1930), 367-72; 

[3], RP, 54 (1929), 455-61; 

Bosanquet [4], JLMS, 19 (1944), 161-8; 

Doetsch [5], M.A, 82 (1921), 68-82; 

Hardy and Littlewood [6], PLMS (2), 11 (1912), 411-78; [7], ibid. 13 (1913), 
174-91; [8], ibid. 25 (1926), 219-36; [9], ibid. 30 (1930), 23-37; [10], MM, 43 
(1914), 134-47; 

Ingham [11], OQJ, 8 (1937), 1-7; 

Karamata [12], MZ, 32 (1930), 319-20; [13], ibid. 38 (1931), 294-300; [14], JM, 
164 (1931), 27-40; 

Landau [15], Monatshefte fiir Math. 18 (1907), 8-28; [16], RP, 35 (1913), 265-76; 

Littlewood [17], PLMS (2), 9 (1910), 434—48; 

Rajagopal [18], Math. Gazette, 30 (1946), 272-6; 

R. Schmidt [19], MZ, 22 (1925), 89-152; 

Szdsz [20], Miinchener Sitzungsberichte (1929), 325-40; [21], TAMS, 39 (1936), 
117-30; 

Tauber [22], Monatshefte fiir Math. 8 (1897), 273-7; 

Titchmarsh [23], PLMS (2), 26 (1927), 185-200; 

Vijayaraghavan [24], JLMS, 1 (1926), 113-20; [25], ibid. 2 (1927), 215-22. 


The list is not complete, and does not include papers based on Wiener’s ideas. 

§ 7.2. Tauber [22]. The integral analogue, for the more general integral 
J Plyt)a(t) dt, where ¢‘(t) is bounded, $(0) = 1, and f |d(¢)| dt convergent, was 
proved by Hardy, T'CPS, 21 (1910), 427-51 (432). 

§ 7.3. Tauber [22]. The form of Theorem 88, with Stieltjes integrals, is that 
in which it is proved by Widder, 187, Theorem 3b. 

§ 7.4. Theorem 89 was proved by Landau [15]. 

§ 7.5. Theorem 90 was proved, and Theorem 92 stated, by Littlewood [17]. 
The remaining theorems are due to Hardy and Littlewood [7]: all of them are 
proved in more general forms. There are generalizations for Dirichlet’s series 
> @,e-*8 in [10]. 

§7.6. Theorem 98 was proved by Szasz [20]: it is the case y = 1 of Widder’s 
Theorem 4.3 (192). The proof here, based on Theorems 99 and 100, is sub- 
stantially that of Karamata [14]. Theorem 96a was first proved explicitly (with — 
a change of variable) by Doetsch [5]: see also Hardy and Littlewood [9] and 
Titchmarsh [23]. Doetsch also proves theorems equivalent to 91a and 94a. 
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§ 7.7. The first explicit proof of Theorem 101, in the form given here, seems 
to be that of Landau, Ergebnisse, 58. The theorem is stated and used by Hardy 
and Littlewood, [7] and [10]. The less general form in which f’(y) = O(y~*) is 
included in Theorem 2 of [6] (420). 

Theorem 102 is a slight generalization of Widder’s Theorem 4.5 (195): he has 
B(t) = t. 

Theorem 103 is proved by Hardy and Littlewood [10]. The example showing 
the necessity of the condition (7.7.12) is due to Ananda Rau [2]. 

When J,, satisfies (7.7.12), Theorem 104 becomes the main theorem of Little- 
wood [17]. Littlewood says there that it is true without the restriction (7.7.12), 
but the first published proof of this is that of Ananda Rau [1]. We may complete 
the proof as follows. 

We suppose dy = 0. Then, first, if 


(1) Gy = Of(An—An_1)/An}> 
we have 
(2) E Anan = Of & On —An-a)} = OO 


Secondly, by Theorem 88 [0], (2), together with S(y) — s, implies 
A(x) = > a, = O(1). 
ApS 


Next Sly) = Lage ay = [eM dA(t) = y [ Alte dt, 


since A(0) = 0,andso —f {A(t)+ Hje dy ~ — 


for any H. Choosing H so that A(t)+H > 0, and applying Theorem 96a, we find 
that 


t t 
f {A(w) +H} du ~ (8 +H), f Atw) du ~ st. 
0 1) 


Finally, the conclusion follows from Theorem 67. This form of the proof is due 
to Bosanquet. 

Szdsz (20, 21] proved that > a, converges to s if S(y) > s and a, satisfies both 
(7.7.13) and (a)lima, > 0. This theorem includes Theorem 103, since (7.7.13) 
implies (a) when X,, satisfies (7.7.12), and also the theorem referred to in the 
note on § 6.1. 

Dr. Bosanquet has pointed out to me that (as was suggested to him by Mr. 
Ingham) (7.7.13) and S(y) > s imply 


> a, = 8 (R,A, x) 


for every positive x; and Rajagopal [18] has proved this explicitly for « = 1. 
Both Bosanquet and Rajagopal use a result of Szész [20], and Bosanquet also 
uses the theorem of Riesz for (R,A,«) summability which corresponds to 
Theorem 70. 

Szész [20] and Ananda Rau [3] have proved that if 5 a,e7%*” ~y™*, where 
« > Oand a, > 0, then A, necessarily satisfies (7.7.12). 

§ 7.10. Theorem 105 was proved by Szész [21]: it includes his theorem referred 
to under §7.7. The method used in this section is that referred to at the end of 
‘Hardy and Littlewood [9]. 

§ 7.11. The proof is substantially that of Karamata [14]. 
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§ 7.12. The technique of repeated differentiation was used first by Littlewood 
in [17]. 

§ 7.13. Theorem 114 was conjectured by Littlewood in [17], and proved by 
Hardy and Littlewood in [8]. The proof given here, which is much shorter, is 
due to Ingham [11]. Ingham proves a good deal more, in particular that, when 

Any/An—> ©, the limits of indetermination of s,, when n— 00, are the same as 
those of S(y) when y— 0. 

Bosanquet [4] has proved a theorem which includes both of Theorems 104 

and 114, viz. that S(y) > s and 

lim lim Max = |@y41+-.-+m| = 0 

BF 200 Ag<Am<(1+5)Aq 
imply > a, = s. Szdsz [21] had proved the corresponding theorem for (R,A, 1) 
summability. 
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THE METHODS OF EULER AND BOREL (1) 


8.1. Introduction. In this and the next chapter we study more 
systematically a group of methods of which the most important are 
the E and B methods defined in §§ 1.3, 4.6, and 4.12-13. The definitions 
which we consider differ widely in form, and might seem at first sight 
unlikely to have much in common; but the relations between them turn 
out to be much closer than might have been expected. In particular 
the Tauberian theorems associated with them are essentially the same. 


8.2. The (E,q) method. We begin with a generalization of the 
definition of §§ 1.3 and 4.6. Suppose that the series > a, x"+1 converges 
to f(x) for small z, that g > 0, and that 


8.2.1 2-4, epee 
( ) 1—qy ¢ 1+qx 


so that y = (1+-q)-! when x = 1. Then, for small 2 and y, 


(8.2.2) f(x) = Ss | 22 lia 7 Sa, 


0 


Me 


m —Ny mM 
(nen Yy +1 


3 
i 
o 
3 
I 


n 


= >» yn > (a = > a@{(q-+ 1)yy"3, 


where a mre 
1 — (m 
(7) m—n, 
(8.2.3) ag @rira D, ("2 An 
If 
(8.2.4) Y aD = A, 


then we say that > a, is summable (E,qg) to sum A. For g = 1 the 
definition reduces to Euler’s definition of §§ 1.3 and 4.6, and for g = 0 
to that of ordinary convergence. 

If a, = 2", then 


(gy — (9+2)™ @ — 1 {; 942)" ee: 

oe Gere 28 = ilar 1—z 

if and only if |g-+z| <q+1. Thus > 2” is summable (E, q) in the circle 
whose centre is —q and whose radius is g+-1. The circle increases with 
g, and tends to the half-plane Rz < 1 when goo. We saw in §§ 4.12-13 | 
that this is the region of B, or B’, summability of the series. 


? 
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We may write (8.2.3) as 


(8.2.5) (q+l)HaP = (q+ By"ap, 
where £ is defined as in §4.6. Also 
qe (tay gt Gy 
qeit anit t@ries ~ GIA Ima 
1 ~~ m+ 1 m+1—n 2 n—1 
rar | P Ja +1-n(1+a+a7+...$2"-1), 


Hence, writing H for x, and observing that 


(1-+- H+... B™ ay = ay +a,+...+4,-) = Ana 


we obtain 
@— @,@—f1 ,9t# er 
(8.2.6) A\g => at (5+ est “Tgpinen% A 
1 m+l1\_. m-+1\ 
= gpa ("Trae (Py tart nh 


There is a slight lack of symmetry in this formula which is incon- 
venient and will lead us to modify it in § 8.3. 

We call A@ = } a® the g-th Euler transform of A = > a,. The 
formal relation between the two series is defined by 


> On grt — > alDf( qg+1) 1 )y}rtt = > alDgn+ 0 z 


1-+q—ge" 
8.3. Simple properties of the (E,q) method. We must first prove 
THEOREM 117. The (E,q) method is regular. 
For, in the notation of § 3.2, 

= 1 we 1 
me G+) "\n4+1 
Cnn > 9, and >; Cnn = 1—(q+1)-™19™*1 > 1 when m > ©. 


Theorem 117 is the particular case g’ = 0 of 


Jon» >O0 NHK m); Cnn = 0 (n = m), 


THEOREM 118. If a series 1s swummable (E,q'), and q > q’, then tt is 
summable (EK, q) to the same sum. 


This plainly follows from Theorem 117 and 


THEOREM 119. The r-th Euler transform of the q-th Euler transform of 
a series is the (q+r+qr)-th Euler transform of the series. 
For x = 2/(1+q—gz) and z = w/(1-+r—rw) imply 
w 


= 42 +3—sw’ = q+r+qr. 
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It follows from Theorem 118 that, as q increases, the (E, ¢g) methods form 
a scale of increasing strength.f 

THEOREM 120. The (EK, q) method has the properties («)—(8) of Theorem 
40. 

We need only consider (y) and (5). We have to show the equivalence 
of the two assertions 
(8.3.1) Ya = A, (8.3.2) > 69 = A—ay, 
where 6, = Q4,. We may suppose a) = 0, so that B, = A,,,,. Then, 
after (8.2.6), 


l 1 1 
B= gall Wrath reser 
and so 
(8.3.3) 
1 
BY AP = qui FA ie Jamas +--+ anes} = (q+ 1)ai?),.. 


(i) If (8.3.1) is true, then a, , -> 0, and (8.3.2) follows from (8.3.3). 
(ii) We may write (8.3.3) as 
BY = (q+ 1)42,.—94®, 
and it follows, since Af = 0, that 


(Qt) Am = By + aA Brat. +(: ay BY. 
This is a transformation 
| AQ, = Senn BP 
with Cnn =U ™(G+1)-™"-1 (n < m), O(n > m), 
and we can verify at once that the conditions of Theorem 2 are satisfied. 
Hence (8.3.2) and (8.3.3) imply A®,, > A, which is (8.3.1). 
It follows from Theorem 120 that A, > A (E,q) is equivalent to 
A,4,2A (E,q), and so to 
1 - m+1\_, 
quien? Ady (™) Ja Art int Ams] wk 
Hence, changing m-+1 into m, we may replace AW > A by 
1 m 
(2) mA m-l4i+... A; 
AG = Gril o+ (te chop 
and it is usually most convenient to define the ‘Euler mean’ of A,, in 
this way. We may say that A, > A (E,q) if 
1 lm q+E\m 
8.3.4) A®@ — ( ] mn A = (7) AeA 
ve Grin D, n}? q+1} °° 


ft The example of the series & z" shows that no two (E, g) methods are equivalent. 
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If then we write s, and ¢, for A,, and A, we have 


m= Sd), = Se q+E\ 
(8.3.5) A nD 1) (7 a | 1)" (" 3) So 
ei)“ (art) 
= de So ee = perce eet 
( gti} °° \qyi} °° ~ an 

an equation whose full significance will appear in Ch. XI. 

THEOREM 121. If > a, is summable (E,q), then a, = o{(2g-+1)"}. 

It follows from (8.2.4) that (q¢+1)a@ = o(1), and so, from (8.2.5), 
that 

: (q+ B)"a, = of(g-+1)"}. 
Also a, = E"a) = (H+q—@q)"dp, and therefore 


—_—_— A™s,, 


a, = ofatye+(t Jata+1)"- eg |= = of{(2q+ 1)"}. 


The example of the series > z", which is summable (E, q) for 
—22q—-l<2z< 1, 


shows that we cannot replace 2¢+-1 by any smaller number. 


8.4. The formal relations between Euler’s and Borel’s 
methods. We saw in § 8.2 that the region of (E,q) summability of 
> 2” tends to its region of Borel summability when g—>0o; and this 
suggests that Borel’s method may be regarded as in some sense a 
limiting case of Euler’s. We shall make this connexion more precise 
later (Theorem 128); but it may be worth while to show here how it 
harmonizes with the formal ideas of §§ 4.18 and 8.3, 

If we write m/z for q in (8.3.4), we obtain 


28 (2) Tai) Ie) ary 


1 \a2 


= ( +5) "[4oted,+(1 — 7h 4e+(1 -;| 


+(1-3)(!-Z).-(1- =) 4, aeaiek 


m 


(1-2 )E A+ 
Mis! 


say. Then lim lim ¢(m,2) = iim Ayn 


mM—>00 Z—>00 


lim li =lime-S@ 4 | 
= gn eh®) oe > nits 
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The first way of proceeding to the limit leads to ordinary convergence, 
the second to Borel’s exponential method of summation (§4.12). The 
various Euler methods correspond to the limit process m = qz > ©. 


8.5. Borel’s methods. Borel’s exponential and integral methods 
were defined in §§4.12-13. If 


ec) An= >A 


we say that A, > A (B), and if 


[oda% w dx = a m fer Samara 


we say that A, > A (B’). The methods are of quite different types, the 
first being an ‘integral function’ definition in the sense of § 4.12, with 
J(x) = e*, and the second a ‘moment method’ in the sense of § 4.13, 
with p, = n!, x(x) = 1—e-*; but the special properties of the ex- 
ponential function make them all but equivalent. First, however, we 
observe 


THEOREM 122. The B and B’ methods are regular. 


This is a corollary of Theorem 33 (for B) and of Theorem 34 (for B’). 
We now consider the relations between the two methods: we shall 
find that they are nearly, but not quite, equivalent. We write 


(8.5.1) a(e) = > a, a A(z) = > A, = 


If one series is convergent for all x, then so is the other. Also 
' x” ' a” 
(8.5.2) a'(e)= Sanaa, A’) = > Ana 


(8.5.3) fea dt = e~*a(x)—ag+ f e-a dt, 
ty 


0 


(8.5.4) e-A(x)—ay = js £(etA(O} dt = | e~{A"(t)—A(t)} dt 


zx oo Zz x 
= [> dau a= fet a> — dt = [ao dt; 
0 0 0 0 


and hence, comparing (8.5.3) and (8.5.4), 


(8.5.5) e-tA(x) = e~*a(x)+ f eta dt. 
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The last equation gives 

THEOREM 123. The B and B’ methods are ial if and only if 
e~“*a(x) > 0. 

We can, however, go farther. It follows from (8.5.5) that, if 


feta dt = 4(z), 


0 
then e-*A(x) = ¢(z)+¢'(z). If 6+¢’ > A then, by Theorem 53, ¢’ > 0 
and ¢-> A. Hence we deduce 
THEOREM 124, A series summable (B) is summable (B’) to the same sum. 
The converse is false. If 


Pili eed ah 


(2p+1)! ’ 
then 


—1)P 
(x) = (—1) ep +22 — eX gin e%, 


(2p-+1)! 
[ eae) ae = [ sinerae = [ =" du 
0 0 1 


but e-*a(z) does not tend to 0, so that the series > a, is not summable 
(B). Thus we have 


THEOREM 125. There are series summable (B’) but not summable (B). 
Next, we observe 


THEOREM 126. The assertions 
Ag +a,+a,+... = A (B), a,+a,+a3+... = A—a, (B’) 

are equivalent. 

THEOREM 127. The B and B’ methods possess the properties (x), (B), 
and (y) of Theorem 40, but not the property (8). 

Theorem 126 follows from (8.5.4), and Theorem 127 from Theorems 
124, 125, and 126. 

We conclude this section with the theorem to which we referred in 
§ 8.4. 

THEOREM 128. If > a, is summable (E,q), then tt is summable (B) or 
(B’) to the same sum. 


A (qxu)” an a 

For > 4, => sy a 
g?A,_» 

(n— (inayat + — "> 


n n gA,,-4 
where Til ar (iyi + 
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so that c, = (q+1)"A®, in the notation of (8.3.4). Hence 
xz 1a” 
e-*A(x) = e-* > Ana = e-(a+Da > aad Ney 


If > a, is summable (E,g) to A, then A — A, and so e-*A(x) > A, 
by Theorem 122. Thus the series is summable (B), and a fortiori 
summable (B’). 


8.6. Normal, absolute, and regular summability. If 
Ap tApistpset:.. 


is summable (B) for every p, in which case, after Theorem 124, it is 
also summable (B’) for every p, and conversely, by Theorem 126, then 
we shall say that > a, is normally summable. For this, it is necessary 
and sufficient that > a, should be summable and that 


gn 
e-*qgP)(x~) = e-% > Anip— > 0. 
n!} 


If Borel’s integral is absolutely convergent, we shall say that > a, 
is absolutely summable. If the series a,-+a,,,+... is absolutely sum- 
mable for every 7, i.e. if J e-*|al)(x)| dx < oo for every p, then we shall 
say that >a, is regularly summable. Our language here differs from 
that of Borel, who defines absolute summability as we have defined 
regular summability. In any case the definitions will not be very 
important here. 

The series > a bi 

n+1 
is normally but not absolutely summable. Its sum is 


tse) 


[ aw dt = (= = ‘dt +2 fa = dnt. 


0 0 


8.7. Abelian theorems for Borel summability. Our next theo- 
rems are ‘Abelian’: they belong to the class typified by Abel’s theorem 
on the continuity of power series. Here, and throughout the rest of the 
chapter, we work primarily in terms of summability (B’): the transition 
to summability (B), when desirable, is easily effected by means of 
Theorem 126. 


THEOREM 129. If a power series > a, 2" is summable (B’) at a point P, 
then it 1s summable at every point of the stretch OP from the origin to P. 
If Q is a point on OP between O and P, then the series 1s uniformly 
summable on QP. 
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It is not assumed that the series has a circle of convergence. We 
may suppose (making a trivial transformation) that P is the point 
z= 1. Then the integral 


(8.7.1) J(z) = f ea(zt) dt 


is convergent for z= 1, and we have to prove it convergent for 
0 <z< 1 and uniformly convergent for0< 8<z< 1. Now 


(8.7.2) J (2) = : | eHa(t) dt = 0), 
say, when 0 <z < 1; and 
(8.7.3) K(2) = [ eMeta(t) dt = ks), 8 = _ 1. 


This integral is uniformly convergent for s > 0, i.e. for 0 << z < 1, and 
therefore J(z) converges as stated in the theorem. 

Theorem 129 does not state the full truth; actually, J(z) converges 
uniformly for 0<z< 1. The argument above fails to prove this 
because of the factor z-1 in (8.7.2). 

THEOREM 130. If > a, 2" ts summable (B’) at P, then it is uniformly 
summable on OP. 

We may again suppose that P is z = 1; and it is also convenient to 
suppose, as plainly we may, that a, is real. We have to prove that 

H 
J e—a(zt) dt 
H 
for H’ > H > He) and 0 <z< 1. Since Theorem 129 proves uniform 
convergence over (4,1), we may suppose 0 <z< }. There are three 
cases to consider, according as (a) H’z <1, (6) Hz<1< H’z, or 
(c) Hz >1. We state the argument for case (6), the arguments in the 
other cases being simpler variants. We may suppose H > 2. 
We write 


(8.7.4) |\L| = |l(z, H, H’)| = 


<e 


T 
M = Max|a(é)|, N = Max f erate) a 
T>1| 7 


o<t<l 


Then 
1/z H’ 
(8.7.5) I= | e-fa(zt) dt + J ea(2t) dt = L,+h, 
H 1/z 
(8.7.6) IL| < mM { edt = Me-4, 
H 


H'z H'z 


T 
L= : | eat) dt = : | e~“e-ta(t) dt = ~ | e~a(t) dt, 
1 1 1 
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where s = z-!_land1 <7 < H’z. Hence 
(8.7.7) IL} < Fexp(1 =) < Mena < NHe-*4, 


since 0<2<4,2<H < 1/2, and we-™ decreases for u > 2. From 
(8.7.5)—(8.7.7) it follows that 
|\I| < Me-#14+NHe-*®# <e 
for H > H,(e). 
As an application of Theorem 130 we prove 
THEOREM 131. If > a, is summable (B’), and 


1 
(8.7.8) Cy = f a” d(x), 
0 


where x(x) 1s bounded and increases with x, then > cya, 1s summable (B’). 
For, if 6, = c,@,, then 


in in 1 1 
b(t) = > Pn = > anes | ed = [ exec) dy, 
0 0 


co 1 + 
—to(t)dt = (dy [{ e- dt, 
Ke (t) dt Lenawee 


because the inner integral on the right is uniformly convergent for 0 < # < 1. 


THEOREM 132. If > a,2" is summable (B’) at P, then its sum on OP 
is an analytic function of z regular inside the circle C described on OP as 
diameter. 


We may again suppose that P is z = 1. The series is summable on 
OP, and its sum is given, for 0 < z < 1, by (8.7.2). It is sufficient to 
prove that K(z) converges uniformly in the region D bounded by any 
two circular arcs from O to P making acute angles 7 with OP. We write 

z= reo, = =g = 2-1-1 = pelt 
and use the formula (8.7.3). Since k(s) is convergent for s = 0, it is 
uniformly convergent in the angle |¢| < 7. The arms of this angle 
correspond to the circular arcs which bound JD, and its interior to the 
interior of D. Hence K(z) is uniformly convergent in D. 

It will be observed that the transformation from (8.7.1) to (8.7.2) presupposes 
the reality of z. Thus, although we have proved that J(z) is regular inside C, 


we have not proved the series summable except on OP; and we shall see later 
(§ 8.9) that it is not necessarily summable at any other point of C. 


8.8. Analytic continuation of a function regular at the origin: 
the polygon of summability. Ifthe series > a,,2" has a circle of con- 
vergence, it defines a function regular at the origin, and the integrals 
J(z) and K(z) of §8.7 may be used to find representations of this 
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function valid outside the circle. We can define the region of con- 
vergence of J(z) in terms of the singularities of the function. — 
The function f(z) = (e—2z) 1 = J e-12" 


is regular except at z = c, or P, and its circle of convergence is |z| = |c|. 
In this case 
J (2) =o} | et-<le) df 


is convergent if and only if R(z/c) < 1, ie. if z and the origin lie on 
the same side of the line Lp through P perpendicular to OP. If 


(8.8.1) fe= >, 


and z =c,, is P,,, then z must lie on the same side as the origin of all 
the lines Lp,. The region thus defined is the inside of a convex polygon, 
which may be closed or open and may reduce to an angle, strip, or 
half-plane. The series is summable ‘inside’ this polygon. Cauchy’s 
integral formula, which is a generalization of (8.8.1), suggests that there 
may be a corresponding result for an arbitrary analytic function regular 
at the origin. 

We suppose then that f(z) = > a,2” is regular at O, that P is a 
singular point of f(z), and S the set of all points P. We define II or II(f) 
as the set of all points Q such that @Q and O lie on the same side of 
every Lp, I’ as the set of frontier points of I, and II* as the part of 
the plane complementary to II+I’. We call T the Borel polygon of f, 
II its interior, and II* its exterior; and we shall prove that II is the 
region of summability of > a,,z” in the sense that the series is summable 
at all points of II and is not summable at any point of II*. 

If f(z) = (1—z*)-1, then T' is formed by the two lines = +1 and II is the 
strip between them. If the circle of convergence is a barrier of singularities, 
T coincides with it. If z = d > 0 is a barrier of singularities, and f(z) is regular 
to the left of this line, then I’ is the parabola which touches the line at d and 
has O as focus. 

It follows at once from Theorem 132 that the series is not summable 
at any point @ of II*. For, if Q belongs to II*, there is a line Lp passing 
between O and Q, and the corresponding P lies inside the circle C. 
It remains to prove that the series is summable at points of II. 

Suppose that f(w) is regular in and on a closed curve K surrounding 
the origin in the u-plane, and that 


(8.8.2) R(z/u) << 1-6 <1 
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for all points u on K a which case z necessarily lies inside K). Then 


(8.8.3) f(z) = IO ay al LC) gy | e-titelu dp, 


u— =" ~ Oni 
e 


The repeated integral is majorized by 
“| Lflw)llaul ay ay 
Qn 


ful 
We may therefore invert the integrations; and we obtain 


agi ff 2 
(8.8.4) f(@) = | et+dt— | A“ eeludy = | e-I(t,z) dt, 
| ini | U i 


say. Since f(u) is regular inside K, and e“!“ regular except at the origin, 
we can calculate I(t,z) by contracting K into a curve K’ inside the circle 
of convergence of f(u). The power series for f(w) and e“/ are uniformly 
convergent on K’, and so 


I(t, =a | 2% w > F(a da, 2)" atte. 


Hence S() = ( e—a(tz) dt, 


i.e. > a,2” is summable to f(z). 

It remains to show that,‘if z is in II], we can draw K so as to 
satisfy our conditions. If Q is a point of II, then f(z) is regular inside 
the circle C described on OQ as diameter; for, if there were a singular 
point P inside C, the corresponding L, would pass between O and Q. 
Further, since there are points Q’ of II on OQ beyond Q, and f(z) is 
regular at O, it is regular on a slightly larger concentric circle C’ inter- 
secting OQ in O’ and Q’. If z is at Q and u at a point A of C’, then 
R(z/u) <1 if Q and O lie on the same side of the line through A per- 
pendicular to OA. The envelope of these lines, when A runs round C’, 
is an ellipse whose foci are O and Q and whose major axis is O’Q’: C’ is 
the ‘auxiliary circle’ of the ellipse, which is flat when O’ is near to O, 
but always includes O@ in its interior. Also R(z/u) < 1 for all u on C’, 
and therefore, since R(z/u) is continuous, (8.8.2) is satisfied, with an 
appropriate 5, for all u on C’. It follows that, when z is at Q, we can 
take C’ as the curve K of our argument, and therefore that the series 
is summable at Q. Thus it is summable at any point of II. 

Our argument actually proves rather more. The repeated integral 
(8.8.3) is absolutely convergent; and therefore (8.8.4) is absolutely con- 
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vergent, so that the series is absolutely summable at Q. Also the 
function f,(z) = a,2?+a,,,z?+!+... satisfies the same conditions of 
regularity as f(z), so that all the series a, 2°+-... are absolutely summable. 
Hence > a, 2” is regularly summable at Q. 

It is also plain that the whole argument works uniformly for all z in 
any closed region interior to II, so that the series is uniformly summable 
in any such region. 

Summing up, we have proved 


THEOREM 133. The power series representing a function regular at the 
origin 1s summable (B’) inside the Borel polygon of the function, regularly, 
and uniformly throughout any closed region interior to the polygon; and 
as not summable at any point outside the polygon. 


In particular we have 


THEOREM 134. A power series is summable (B’) at any regular point 
on tts circle of convergence, and uniformly summable in some neighbour- 
hood of any such point. 


We may plainly substitute B for B’ in these theorems. 


8.9. Series representing functions with a singular point at the origin. 
The analysis of § 8.8 rests throughout on the assumption that the series ¥ a,2" 
converges for small z. When this is not true, the series may still be summable 
for certain z, and give a complete or partial representation of an analytic function; 
but the region or regions of summability may have very diverse characters, and 
the sums in different regions may represent different functions. In all cases, 
however, after Theorem 130, a region of summability which includes a point P 
must include all of the line OP. 

The two examples which follow are interesting. 

(1) If the series is 


2! 4! 
a ae a’+0+5,%+0—... ‘ 
then a(zt) = e-**#, and the sum is 
(8.9.1) J(z) = i e-te8t? dy, 


If z = re¥®, then the integral converges in the quadrant —}7 < 6 < tr and its 
image with respect to the origin. If z = x = 1/£ > 0, then 


Ile) = & f et du = gett [ edu = et gv — fe av) = Fé), 
0 ¥€ 0 
say, an integral function of €. Thus J(z) = F(1/z) for |argz| < }7. Also J(z) is 
even, so that J(z) = F(—1/z) in the opposite quadrant; and these two functions 
differ by wtz-te4*. Thus the series represents different analytic functions in 
its two regions of summability. 
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| (—1)? 
(2) Suppose that a, = > ah p*c?, 


where c > 0. Then 


a(2t) = (2t)" > pte 


n!} 
and J(z) = f e-t—ce* dx — f e—t—ce™(cosyit+i sinyt) ge, 


If x < 0 then J(z) converges for all y, but if x > 0 it converges for y = 0 only. — 
Thus the series is summable (1) in the half-plane x < 0, and (2) on the positive 
real axis. 

Let us first suppose z real. Then 


foe) eo 
J(z) = i e-t-ee* dg —— j ou ; 
0 1 
Putting u? = v and Z = —1/z, we find that J(z) is P(Z) or Q(Z), where 


1 
P(Z) = —Z[emerdv, QZ) = Z [ e-rvt- dv, 
i 0 


according as z > 0 orz < 0. Here P(Z) is an integral function of Z; and 
Q(Z) = I(Z+1)e 4+ P(Z) 

if RZ > 0, so that Q(Z) defines a function analytic and meromorphic all over 
the plane. The two functions represented by the series differ by I(Z+1)c-4. 

This example is particularly interesting as an illustration of Theorems 130 and 
132. If P is a point on the positive real axis, then the series is uniformly sum- 
mable on OP, and is regular inside the circle C of Theorem 132, but it is not 
summable at any point in C except points on the axis. In this sense Theorem 130 
states the most that is true. 


8.10. Analytic continuation by other methods. The principles 
used in § 8.8 may be applied to other methods of summation. The most 
interesting for this purpose are those which, like Lindel6f’s and Mittag- 
Leffler’s methods of § 4.11, sum > 2” in its Mittag-Leffler star. We con- 
sider, generally, a method P of summation in which >’ a, is defined as 


(8.10.1) lim FA, (6)4y, 
+0 
where A,,(5) > 1, when 5 > 0, for every n. Thus 
Ap(8)=1, — Ag(3) = e-SnE" (n > 0), 
for Lindelof’s, and A,,(8) = {f'(1+-8n)}-1 for Mittag-Leffler’s method. 
THEOREM 135. Suppose that (i) > A,(8)z” is an integral function of 2, 
for every positive 8; (ii) that 


d3(z) = > A,(8)2" > = 


= 
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when 6 -> 0, uniformly in any closed and bounded region containing no 
point of the line (1,00); (iii) that f(z) is the principal branch of an analytic 
function regular at O and represented by > a,,2” for small z. Then 

> An(8)an2” > f(z) 
uniformly in any closed and bounded region A interior to the Mittag-Leffler 
star of f(z). 

We may suppose that A is star-shaped, i.e. that if it includes P then 
it includes every point of OP. We can expand A about the origin, in 
a ratio p > 1, into a region A’ still lying in the star of f(z). If K is the 
boundary of A’, and z is inside A, then z/u is not on (1,00) for any u 


of K, and ds ) = = 
ss on K. Hence 
form 3, f tite male 


oy $(=),Fu rai | 4s (2) wy, 


Contracting K into a contour inside the circle of convergence of f(x), 
as in §8.8, substituting the power series for f(u), and integrating term 


by term, we obtain 
f2 = lim > An(8)a, 2". 
—>0 


It is plain that the argument works uniformly for z of A. Methods such 
as these give better results in this problem than Borel’s, but Borel’s 
method is much more manageable, owing to the simple formal properties 
of the exponential function and series. 


8.11. The summability of certain asymptotic series. It has been 
proved by Borel and Carleman that there are analytic functions corre- 
sponding to arbitrary asymptotic series (§ 2.5). More precisely, given 
any sequence (a,) and any positive «, there are functions f(z) = f(re**) 
aan SO) ~ dy boyz +ag2-*+..., 
when r > oo, uniformly in the angle |@| < av. If B > 0 and 2ka <1, 
then r%e-2* 0 for every n, uniformly in the angle. Thus all the 
functions f(z) + Ae-2* have the same asymptotic expansion in the angle. 

The situation is changed if we adopt more precise hypotheses con- 


cerning the error-term of the expansion. It may then be possible to 
prove that there is at most one f(z) which satisfies the conditions, and 
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that f(z) is in some sense, for example Borel’s, the sum of the series. 
We show this by proving a theorem of Watson. 

We denote the region 

r>k>0, —}r—p<0<4rta 

where 0 <A < 4n, 0O<p <i}, by D(A,p,k), and its boundary by 
C(A, », k); the latter is formed by part of a circle whose centre is the 
origin and parts of two radii from the origin to infinity in the negative 
half-plane. Usually A and yp will be equal. 

THEOREM 136. Suppose that f(z) is regular in D(A, A, k), for a given Aand 
k, that o > 0, and that 
(8.11.1) f(z) = Ata, 271+...Fa,2-"+ FR, (2), 
where 
(8.11.2) a, = O(n!o”), R,, = Of{(n+1)!o*+tr-"-hh, 
uniformly for all n and for z in D(A, A,k). Then (i) the series 


(8.11.3) > on = a(t), 


where t = pe'?, is convergent for p < 1/0; (ii) the function a(t) is regular 
in any angle |¢d| <8 <A; 


(iii) a(t) = | (7) cae 
L 


where L is a contour C(v,v,l) with 0<v <Aand 1 > k/o, described from 
below; and 


(iv) f(z) = { ewa(2) dw 


forr>k, || <8. 


The last clause of the theorem asserts that > a,2~-” is summable, to 
f(z), by an extension of Borel’s method which is often useful. If (a) the 
series (8.11.3) is convergent for small ¢, (b) the function a(t) defined 
by the series is regular on (0, 00), and (c) f e-fa(t) dt = s, then we shall — 
say that > a, is summable (B*) to s. Thus here > a,2-" is summable 
(B*) to f(z). 

As another example, if a, = (—1)"m!z", and z is not real and negative, then 
a(t) = (1+2t)-? and - 

I—l!z4+2!2—.. = | ca (B*). 
This is the sum found heuristically in § 2.4. 


If the inequalities (8.11.2) are true for every positive o, then a(t) is an integral 
function, and B* reduces to B’. 
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Passing to the proof of Theorem 136, (i) is obvious from (8.11.2). 
Next, suppose that ¢ = pe?, p< 1/c. Then, replacing f(u/t) by its 
asymptotic expansion, we have formally 


(8.11.4) wn | Si) d= onl a | gett > an) 


and we have to justify the term-by-term integration. If u describes L 
then u/t describes C(v—¢, v+¢, l/p), which lies inside D(A, A, k) if 


(8.11.5) L>k/o > kp, lp] < A—». 


Then f(u/t) is bounded on L, and the integrals in (8.11.4) are convergent. 
We now write the integral (8.11.4) in the form 


(8.11.6) > ini | wn’ Ute a ~(3)5 “du = Say + Py 
m=0 


say, and find an upper bound for |P,,| for large n. We may suppose 
n>Il>k/c. Since R,(z) is regular inside D(A, A,k), we may increase 
the radius of the circular part of L from! ton. Then the conten 
of the circular part is 


Of{(n+1)! (op)"He™n—-"-1} = Ofnt(ap)™*3}, 
and that of the rectilinear parts is 


() 


| = Of{(n+1)! (op)*+*n-"-? i e-rsinv dr 


e—rsinv 
Om 1)! (op) f= a 
n 
nol 
= Osler) = Ore mepyrs3. 
Thus P,->0, and (8.11.6) gives (8.11.4), subject to the conditions 
(8.11.5). 
Suppose now that ¢ varies in any region T defined by |¢| < 6 < A, 
0 <p, <p <p. Then we can choose v and / so that the conditions 
(8.11.5) are satisfied for all ¢ of 7, and the integral (8.11.4) is then 
uniformly convergent in 7’, so that it defines a function a(t) regular 
in T’. We have thus proved (ii) and (iii). 
If w is positive, z = re?, r >k, |6| <8, and t= w/z= pe’?, then 
|d| < 5, so that 


4780 : (8) 
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When wu describes LD, v = uz/w describes C(v+6, v—6,l/p) or L’, and 


4 (2 | = 2 a [ore wel 


We choose r, so that k<r,<r. Since l/p > k/(op) > k, we may 


replace L’ by L, = C(v+6, v—8,1,). 
We have then 


-wa(”) dw = [ e-wdwe. [ pw) en 
fe a{2) aw fe dw | fe) 5 dv 
Di 


1 f f(r) wi-wz) yy — | zdv 
=z; | Pa [e wl Paw = 53 [I gem = f(z), 
Ty 1 


‘provided that we may invert the integrations; and this is so if the 
double integral is absolutely convergent. We consider the circular and 
rectilinear parts of L, separately. On the circular part 

R(1—v/z) > 1—r,/r > 0, 
so that its contribution is majorized by a multiple of | \v|-1 |dv| < 27. 
On the upper rectilinear part 


am” = amu = gm+y, (= = —w|" sin vy, 
z z z 
so that its contribution is majorized by a multiple of 
; dv| _ 1 lz||do| 
e-¥ dw | e-wiolzisiny |2?| _ : <0; 
J lo] J fol [2[-Flojsiny 


and the lower rectilinear part may be dealt with similarly. Thus the 
double integral is absolutely convergent, and this completes the proof 
of the theorem. 

Theorem 136 shows incidentally that at most one f(z) can satisfy 
(8.11.1) and (8.11.2). But if we are concerned only with the uniqueness 
of f(z), then we can prove more, and without reference to the theory 
of summability. We need only suppose that f(z) satisfies (8.11.1) and 
(8.11.2) in the angle |6| < 42, instead of the larger region of Theorem 
136. If f,(z) and f,(z) both satisfy (8.11.1) and (8.11.2) for |@| < 47, and 
9(z) = fi(z)—fa(2), then 

Ig(z)| = Of{(n-++ 1)! on tent} 
uniformly in » and 6. We take n = [r/c], and a simple application of 
Stirling’s theorem shows that |g(z)| = Of{e-@-5/-} for every positive 8 
and |6| < 47. It follows, from familiar theorems of the Phragmén- 
Lindel6of type, that g(z) = 0. 
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Carleman has gone much farther, and found a necessary and sufficient 
condition that 


l9(z)| <ohr-™ (r >17 > 0, |6| < 4m) 
should imply g(z) = 0. For suitably regular «,,, the condition is the diver- 
gence of > a, 1. In our case this is effectively the harmonic series 5 n-1. 


It will be observed that we prove the summability of the series in an angle 
smaller (by 7) than that in which it is supposed to represent f(z) asymptotically. 
The example of § 8.9(1), with 1/z for z, shows that this is a real limitation corre- 
sponding to the facts of the case. There a(t) = e~’, and the integral 


f(z) = f ecto dt 
converges if |@| < } but not if ta < || < 2m. If z is positive, 


f(z) =z i e-uz—u8 dy, — > Gees —— | ee“ uP du 


= fevr ee 2. = hewn Ey (— 32) 
T(1+4p) eee 
where £,(z) is Mittag-Leffler’s function. It is known that f(z) has the asymptotic 
expansion 
2:1 4:1 
Tt 22) 21 24 
for |6| < $1, so that the series is asymptotic in an angle greater by 7 than that 
in which it is summable. We could enlarge the angle of validity of the integral 
representation of f(z) by taking it along a line making an angle with the real axis. 


NOTES ON CHAPTER VIII 


§§ 8.2-4. The first systematic account of the (E, g) methods was given by Knopp, 
MZ, 15 (1922), 226-53, and 18 (1923), 125-56; and much of the argument of these 
sections is modelled on his. In particular Theorems 117-21 are Knopp’s. 

The (E,1) method, and those derived from it by iteration, had been used 
frequently before, especially for purposes of numerical computation. Examples 
will be found in Bromwich, 62-6 and 196-8. 

There are some passages in the first edition of Bromwich (302-10) which may 
seem at first to contradict some of the assertions here and in § 8.5. The explana- 
tion is that Bromwich, when he applies ‘Euler’s method’ to power series, does 
not use the right definition. According to our definition > a,,z" is defined by 


fag + F(A +4, 2) + 4(9+.20, 2+ 4,27) +.... 


Bromwich, in effect, uses the ees 


@y+a,2+a,27+... + (Ay +41) -—3 + (40 + 201 +42) Gait 


= TG fez) fez 
valid for small z, and then defines the first sum by means of the second. This is 
a definition of an entirely different type, since it is not linear in ag, a, 2, a,2%,...; 
and the odd results to which it leads show that it is not a happy one. Thus 
Bromwich finds that > 3"z" is summable inside the circle on (— 1, }) as diameter, 
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but that ¥ 2-*2" is summable outside the circle on (%, 2) as diameter, so that 
the region of summability does not include all the circle of convergence. 

We add a remark concerning the calculations of Euler and Lacroix referred to 
in § 2.6. No Euler transform of 1—1!+2!—3!+... is convergent, and it may 
seem remarkable that the method should have been applied to such a series 
successfully. We may, however, explain Euler’s success as follows. If we write 
a, = (—1)"! = (—1)"A, and 


2 gPtl.jpop_1 
Ait D ty os Ono = f et” dt, Oy = i} et" dt (p > 0), 
: 0 2?42P—1_4 
then it is easily verified that > (—1)"ay,p is summable (E, 2?+!— 1) to 
2Ptl+op—4 
cag” Rae 
1+t’ J 1+¢ 
0 2P+oP—-1_y 
for p = 0 and p > 0 respectively; and if we add the results we obtain 


e-t 
| 1+e™ 


in agreement with the B* sum found in § 8.11. 
The remainders after N+ 1 terms in the appropriate Euler transforms are 
2 optiyop_y 
9-N-1 | at (l—s)yrt 1 = (2?+1— 1 —2)N+1 
1+¢ i 2(p+1)N+1) 1+é , 
2P+aP—1_7 
which are O(2-N-1), O(e-*?2-N-1) respectively; and the Euler sums of the series 
are O(e~?”2”). Thus the error in taking only the first N+-1 terms of the first P 
series, and ignoring the rest, is 
O(2--3) + O(e-#”**2-P-1), 
If, for example, we take N = 10, P = 2, we can easily prove that the error is 
less than -001. 
This is naturally not quite what Euler does, and it would not be a convenient 
process; but Euler’s process of reiterated transformation is roughly equivalent. 
§ 8.5. Borel’s earliest writings on divergent series, in his ‘Mémoire sur les séries 
divergentes’ [AEN (3), 16 (1899), 9-136] and the first edition of his book, contain 
a number of oversights corrected later by Hardy [7’CPS, 19 (1903), 297-321, and 
QJM, 35 (1903), 22-66]. Here Hardy proves Theorems 122-7: these were 
rediscovered, with more concise proofs, by Perron, MZ, 6 (1920), 158-60 and 
286-310. Sannia, RP, 42 (1917), 303-22, has extended the theorems in various 
directions. 
Knopp, l.c. under § 3.7, observes that, since 


r 
2 
e-*(Ay2+4,5 +...) = [er@me(4ot Ay t-) dy, 
0 


the B kernel of 0+-a,+4,-+... is included in that of ay+a,+.... He gives a further 
generalization in RP, 54 (1930), 331-4. 

Theorem 128 is due to Knopp, |.c. under §§ 8.2—4. 

§ 8.6. Hardy, l.c. under § 8.5, gives an example of a convergent series which 
is not absolutely summable. 
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§§ 8.7-8. The contents of these sections, except Theorem 130 and its corollary 
Theorem 131, are substantially Borel’s. Theorem 130 was proved by Hardy, MM, 
40 (1911), 161-5: the proof here is due to Landau, AM, 42 (1920), 95-8. 

The region of (E,g) summability of f(z) may be determined similarly. If ¢ is 
the first singular point of f(z) on a radius from O, and C, is the circle 


lag+2| < (q+1)Ié], 
then the region is the set of points interior to all C,. It tends to the Borel polygon 
II when g-—> oo. In particular (1) the series is summable (E, gq), for some q, at ail 
points inside IT, and (2) it is summable (E,q), for all g > 0, at any regular point 
on the circle of convergence. For all this see Knopp, l.c., and Rademacher, 
Sitzungsberichte d. Berliner Math. Ges. 21 (1922), 16-24. 
Perron, MZ, 18 (1923), 157-72, has generalized Euler’s method as follows. If 


Ym > 9, Dee ly F(z) = > y¥m2e™, 

> b,2+1 is the result of developing > a,{F(z)}"+1 in powers of z, and > b,, con- 
verges to A, then we say that >a, = A(F). The method is regular, and succeeds 
at every regular point on the circle of convergence. The (E, g) method corresponds 
to F(z) = z/(¢+1—g2). 

§ 8.9. Hardy, MM, 43 (1913), 22-4. 

§ 8.10. The three most elegant representations of (1—z)-1 in its Mittag-Leffler 
star, viz. 

mn > Lte) n im $ e~tnlogngn > mE 

Eee Rane - SO Cee a es AZ son): 
all lead, after Theorem 135, to representations of a general f(z). The first is due 
to Le Roy, AT (2), 2 (1900), 317-430 (323), and the second to Lindeléf, J. de M. 
(5), 9 (1903), 213-21. The third is mentioned by Mittag-Leffler in his address to 
the fourth international congress (Rome, 1908: see Atti del IV Congresso Internaz. 
i. 67-85). In his series of memoirs published in AM between 1899 and 1904 he 


uses the er 
-t (é*z)* | H(t 
ran]e > uel Picea = | e*H, (tz) dt, 


which is valid in the open region containing the origin and bounded by the curve 


silat 


where —}an < 0 < fam if O<a < 2 and —7 <@0<7 if a> 2. The proof 
depends on the asymptotic properties of £,(z). The region tends to the star if 
a —> 0, but Mittag-Leffler does not, in these papers, give any simple formula valid 
throughout the star. 

The behaviour of Mittag-Leffler’s function 


fe) = Be) = > oer 


for large z = re”, where —7 < § < 7, may be determined as follows. We have 
eft sles 
T(an+1)~ 2a 
where u = pe'?, w-2" = e~=nlog4, logy has its principal value, and the contour C 
leaves the origin on its left and goes to infinity at each end in the left-hand half 


| ety—aen-1l du, 
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of the plane. We consider two positions of C. In the first, C,, it is formed by 
parts of the circle p = 1 and the radii |¢| = }7+8 > 47. In the second, C,, it is 
everywhere at a distance from the origin greater than (2r)/*, so that all zeros of 
u*—z lie to its left. Then 


] ou 
$= 5m] -> (4 =) "du = = ys 


and hence, by Cauchy’s tnorem, 


f(z) = {= yan = du +> R= A(e)+ > RB; 
Co 
where the &, are the residues of the integrand at the poles, if any, which lie 
between C, and C,. If 5 is chosen so that no pole lies on C,, and is sufficiently 
small, then these poles are given by wu = r/aei@t+2km/«, where k runs through 
integers satisfying 


(1) —fanr < 04+2kr < faz; 
is one of the values of e#*, Now 
1 1 ue ulD~h) a uPe w-1pu 
I(z) — ~ Qari 2 my eos 2 ~2?(u*—z) U e% du 
Qo 
p _ 
=~ > mamma t Pot 
m~1 
l yPuta—leu _ ( l ) 
where R,(z) = iw | a du = O Bag 
Co 
for large z. Thus I(z) has the asymptotic expansion 
gl gu-2 
(2) I(z)~ ~TO—a) rd—2a) seve 


We must now distinguish the cases a < 2,a > 2. Ifa = 2then f(z) = cosh vz, 
and tends to infinity in any direction except that of the negative real axis. 

(1) If 0 <a < 2 and jaz < |0| <7, then there is no k satisfying (1). 
this case E,(z) has the asymptotic expansion (2). If, on the other hand, |6| < jaz, 
then we have to take account of the exponential term Ry, and 
(3) oH,(z) ~ 
when z —> oo in the angle |6| < $az. 

(2) If « > 2 then we have always to take account of at least one exponential 
term. The modulus of such a term is 


I 


- 5 exP (a cos o+ Phr) > 


and this is larger for k — 0 than for any other relevant k, except when 0 = 7. 
Thus (3) holds for all 9 except 6 = 7. When 6 = z there are two terms of equal 
importance, with k = 0 and k = —1. These combine to give 


. 2 77 
(4) {exp(rei#l*) + exp(rle—i/e)} = a exp(rtl cos eos r= sin 7), 


and £,(z) behaves approximately like this function. 
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Wiman, AM, 29 (1905), 217-34, has shown that all the zeros of F(z) are real 
when « > 2, and all but a finite number in any case. 

We may also use the integral representation of H,(z) to prove that, as was 
stated in § 4.11, > 2" is summable (M) to (1—z)-! throughout its Mittag-Leffler 
star. For if 0 < |6| < 7, and « is sufficiently small, then |9+2k7| > 4am for all 
integral k. Hence 


1 1 ev /{ ur 1 l 2z e“ l—us 
EN) oe | clas-73) aaa eae | eee 
round C,, and this tends to 0 with « for all z of the star, and uniformly in any 
closed and bounded region interior to the star. 

§ 8.11. Watson, PT RS (A), 211 (1912), 279-313. See also F. Nevanlinna, ASF, 
12 (1916), no. 3, and Carleman, Les fonctions quasi-analytiques (Paris, 1926), ch. 5. 
The ‘Phragmén-Lindeléf’ theorems required will be found in Titchmarsh, Theory 
of functions, 176 et seq. 


IX 
THE METHODS OF EULER AND BOREL (2) 


9.1. Some elementary lemmas. In this chapter we shall be 
concerned primarily with Tauberian theorems for Borel and Euler 
summability. We begin with three elementary theorems concerning the 
exponential and binomial series, on which much of our later work will 
depend. Their content is familiar. 


THEOREM 137. Suppose that x > 0 and 
m 
(9.1.1) Up = Upp (8) = ee (m = 0,1, 2,...), 


so that > u,, = 1. Then 


(1) the largest u,, 18 Uy, where 


(9.1.2) M = [x], 
two terms, Uy, and uy, being equal when x is an integer; 

(2) if 
(9.1.3) m= M+h 
and 0 <6 < lI, then 

wl. = O(e-Y*), 
(9.1.4) sSvatin = O€-) 
where y = 45%; 

(3) if | 
(9.1.5) 4<0 <j, 
then | 
(9.1.6) > um = O(e*"), 

jal >aé 


where » 1s any number less than 2¢—1; 
(4) of A > 0, then 


9.1.7 Um <€; 
( niches m 


for x > xp(e), A > Ape); 
(5) af |h| < a& then 


(9.1.8) Um = J (<a7}eor™ 2 +0(#I*) 40(Ft}} 


where 
(9.1.9) c 


we 
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(6) the estimates (9.1.4) and (9.1.6) remain valid if u,, 18 multiplied 
by any fixed power of m. 
THEOREM 138. Suppose that gq > 0 and 


(9.1.10) tg = U(r) = (q+ 1y(" a (0<m<n), 


| == —n nN) nm = 
8o that ¥ u,, = (q+1) > (ra 1. Then 
(1) the largest u,,, 18 Uy, where 


(9.1.11) M = Esa 
q+1 


two terms, Uy_, and Uy, being equal when (n+1)/(q-+1) is an integer; 
(2) clauses (2)-(6) of Theorem 137 hold with 


| qt 
9.1.12 is 


some positive y = y(q,5) tn clause (2), and n in the place of x. 
THEOREM 139. Suppose that 0 <k <1 and 


9153) tie Sa = ken(™\a—ye* an, 
so that 
T tin = belt (ntayd—e) + SEED ip... =r 


Then (1) the largest u,, 18 uy, where 

(9.1.14) M = [n/k], 

two terms, Uy_, and uy, being equal if n/k is an integer; 
(2) clauses (2)-(6) of Theorem 137 hold with 


peas 
~~ 9(1—k)’ 


some positive y = y(k,5) in clause (2), and n tn the place of x. 


(9.1.15) 


We shall prove Theorems 137 and 139, which are the most impor- 
tant for our present purposes. The proof of Theorem 138 is like that of 
Theorem 139, only a little simpler. 


9.2. Proof of Theorem 137. The first clause of the theorem is 
obvious because w,,/U,,-1 == 2/m. 


ft We do not assign a definite value to y in this case. 
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Next, we divide > u,, or > uz; into the five pieces 


(9.2.1) yk. 


—-M<h<—8x Lpgewick” qed eas ioe 
Sy tS eS 5 = S,45,45,48,48 
aoe eae + Stn, s eee ote ut at st ar : 
(x being large enough to make ao < 8x). Then 
(9.2.2) 
M, = [x]—[Se], M, = [x]—[x*], My = [x]+[x*], M, = [x]+[82]. 
It is plain that 
(9.2.3) 8S, = O(xuy,), S, = O(xuy,), Sy = O(xuy,,). 
Also M,+2 > 2+62, and so 


fied 
024) = el tars top T "| 
I ] 
< e+ eo apt -| = O(uy,,): 


Hence, in order to prove clause (2) of the theorem, it is enough to prove 
that 


(9.2.5) Uy, = O(e-%*), Uy, = O(e-”). 

Now Uy. = etn < e-t+M| 2 i 

‘My ~~ M;! M, 
and x—3e—1 < M, = [x|]—[82] < x—82+1. 
Hence ‘ ; 
ae —dz od pile — da 1 \?- | oa -A 
(9.2.6) sg, = Ofe (—e-4] Ofe [5 = O(e-4*), 
where 
2 

(9.2.7) A=8—(1— S)log 5=T autora ates ian Sedat 

Similarly 
9.2.8 ofede(_1_\"""\ _ ofe-e 
(9.2.8) uu = Ofe( 55] Jee , 
where 
Oia) Was ipa ay Se ie 

i 6 ‘ 1.2 2.3°3.4_ 


It follows from (9.2.6)-(9.2.9) that (9.2.5) is true, with y = 46%. This 
proves (9.1.4). 
We could prove (9.1.6) similarly, but it is shorter to base it on (9.1.8), 
which we have to prove in any case. For this, we write 
x=M+f (O<f<)D), m= M-+h, 
log U,, = —x+(M+A)log «—log [(\M+h+1), 
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and approximate to log '(/+h+1) by the formula 
log I(y+1) = (y+4)logy—y+4log 20+ O(y-). 


A simple calculation gives 


ae he (leit). o/lal’ 
log wy, = —Hlog 2n Mf — oft} 40( at + 
Since |h| = o(z), |h|® = o(x®), this is equivalent to (9.1.8). Also, since 


Rh? hiP hh? h? 
-t+_a-t — -t —| = —|} = — 
M x O(a-*), exP( S57 OM 3 -} exp(0(5)| 1+0(5}, 
we can replace M by z in (9.1.8) if we prefer to. 

It is plain from (9.1.8) that uy, and uy, are O(e-*"): 7 may be any 
number less than 2¢—1. It follows that S, and S, are O(e-*"); and this 
proves clause (3) of the theorem. 

As regards clause (4), the sum is 

’ hh 
Of emer 24 5)} + Ofc, 
We<h<at ee 
and the first term here is 


Ofe- if etlex dt 14-8 i e-erg dt ta-4 i e-H/2x4s at). 
Avz Avan 


The last two terms are O(x-), and the first is 


of few aw) 
A 
which is small for large 2. 


There remains clause (6). It is plain that, when Um, is replaced by 
mXy,,, our estimates of S,, S,, and S, are affected only by a power of z, 
and flat these sums are still of the orders required. The same is true 
of uy,; and 


Ss = (Mat1) ty t+(Mat 2)*ty sat. 


3K y2 


K, 
< Oulart RIED 


= 


< (2M, Fused 1K4 O(x%uy,). 


tapte} = 
Thus S, also is of the order required, and this completes the proof. 


t We must write |k|+-1, not |A|, in the first error term, in order to include A = 0. 
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9.3. Proof of Theorem 139. The first clause of the theorem follows 


from 
Um  _™ 


(1—k). 


The remainder of the proof follows the same lines as that of Theorem 
137, though the calculations required are a little more elaborate. 
We divide > u,, again into five pieces: M4,... are now 


ui =|F]—ton), a= [F]—om, y= |B] + im 


M, = | =| +[5n]: 


we may suppose 5 < k-1—1. As in §9.2, 
S, = O(nuy,), S, = O(nuy,), S, = O(nuy,). 
Also U,+2 > n(k-?-+8), and so 


1+k8 ks 


u m 
om 1—k) = ] —- ———_——_ = 
area 1—k+ké 


= ]— pee ae 
Una roar ahs 1—k-+-kd 


say, if m > M,+1, and 

Ss < Uy{1+(1—8,)+(1—8,)?+...} = O(uy,)- 
Thus we have to prove, as in §9.2, that u,;, and wy, are O(e-”") and 
that wy, and wy, are O(e-”"). 


1—68,, 


We have [ett > (R]a—pe =e | 


m=n 


for every J between 0 and 1, and so 


J\nt1/] —Je\m—n 
— pnt ae — hyn-n = —- 
ee: (nya kym-n (7) fa 


If m = M+[6n], this is O(4"), where 
k (1 —k\Uk-148 
0 = Ol) = i=) : 
Now 06(l) is 1 when 1 = k, tends to infinity when 1> 0 or /> 1, and 
has a single minimum given by / = k/(1+.48). Also 
O'(k) = +6/(1—k) # 0. 
It follows that 6(l) assumes values less than 1 for values of / on one 


side or the other of | = k (according to the ambiguous sign). Hence we 
can certainly choose / so that 6 <1, and thus wy, and wy, are O(e-7). 


9.3] THE METHODS OF EULER AND BOREL (2) 205 


This disposes of S, and S,. We now suppose |h| < n$, write 

Z 

k 

log u,, = (n+1)log k+(m—n)log(1—k)+log (m+ 1)—log P'(n+-1)— 
—log '(m—n-+1), 

and approximate again by Stirling’s theorem. We find that 

hk? 
2(1—k)n 


+0(/8+2) +0(l#2) 


and this is equivalent to (9.1.8), with the c of (9.1.15) and the M of 
(9.1.14). The rest of the proof does not differ materially from that of 
Theorem 137. 


M=|F]=f-f @<f<0), m= Mth, 


log u,, = —} log 2an+log k—4 log(1—k) — 


9.4. Another elementary lemma. We shall also use another 
elementary lemma. Here sums without limits run over —oo < h < o. 


THEOREM 140. Ser = J (7)+00) 


when n -> 00, uniformly in any finite interval of positive c. 


For the series is 1+-2S, where 
ie) +1 


= 5 —chtjn —cl*} * —ch3|n__ p—cl®jn 
S ae n fe a ee e-#ln) dt 


1 


1 
=. ne\ —cl*|n 
-1()- Joma 
0 


say. The integral here is less than 1. Also 
. t 
e—ch*/n__ ec in 2c = fu ue~cwln dy Paige A (¢—1)e-ot- —1)*J/n 
n 
h 
for 2 <h <t < h-+1, and is less than 1 in any case; so that 


> 


T <1+ < | (t—1)e-t-0' dt — 8. 
1 


~ We could obtain a much more precise result by using the formula 


Y eetin — // (=) > e~mhinje. 
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9.5. Ostrowski’s theorem on over-convergence. A famous 
theorem of Hadamard asserts that if > b,,2z#™ is an integral power series 
with a finite radius of convergence, and ¢(m+1) > cd(m), where c > 1, 
then every point on the circle of convergence is a singular point of the 
function represented by the series. The condition on ¢(m) has been 
generalized widely, Fabry having shown that it is sufficient to assume 
that m-14(m) - oo. Here, however, we are concerned with a generaliza- 
tion in a different direction due to Ostrowski, which Zygmund has 
shown to be deducible from theorems concerning Borel summability. 

We say that a power series > a, 2” has a gap (n,,n;) if a, = 0 for 
Ny <M < Ny. 


THEOREM 141. Suppose that A>0. Then there is a number 
5 = 6(A) > 0 such that, if 


(i) > a,2" has an infinity of gaps (n,,,) for which 
(9.5.1) n/N, = 1+A> 1, 

(ii) A, = a9+a,+...+a, = Of(1+8)*}, 

(iii) >} a, is summable (B) to sum A, then 

A > A, 

Given A, we can choose £ > 0 so that 
(9.5.2) 1—é>(1+d)-#, 1 4€ < (1-+40)}, 
and then 6 so that 


(+8)? 
(9.5.3) 0<8<é, 3 — a5) <0. 


We write 
(1+ 8x ee) 
e(t+dc — ( > f- + a = e%(P+Q-+R), 
n>(1t+é) 


n! 
n<(l—f)a (1 £)z 
where P = P(€,5),.... If 


= wt to * too ot 
y=(1+8)z,  7= iggs n)(1+8) = 1—€, 
then P¢é, 8) — edte—r-8bz fons i — eo%e-y _ 
n<(1—b)x - n<(—ny 
— Olede-tn'v) — _ (+8)? 
= O(e%—in'v) O(exp (5x 31-48)" , 


by Theorem 137 (9.1.4); and R(€,8) has a similar bound with €—6 in 
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place of +8. Hence P>0, R>O if & and 8 satisfy (9.5.3). In 
particular this is true when 6 = 0; and, since 


P(E, 0)+ O(€, 0)+ R(E, 0) = 1, 
it follows that 


(9.5.4) Q(é, 0) > 1. 
We now fix a é and a 5 > 0 satisfying (9.5.2) and (9.5.3), so that 
& = €(A), 8 = 8(A), take 
(9.5.5) x = /(n,n,), 
write 
~z — e-t x” — p-t 
e ral ta > 405 =¢ 


(1+é)a : 
= P'+Q'+R, 
n<(Qi-£)z. (1—-é)e n>(1+é)r 
and suppose that (ii) is true with our choice of 8. Then P’ and R’ are 
majorized by multiples of P and R, so that P’>0, R’->0; and 
therefore, by (iii), 
(9.5.6) Q’ > lime-*A(ax) = A. 
But 
(1—€)z > JER) >, (1+€)a < J{(1+A)n, m4} < nj, 
by (9.5.1), (9.5.2), and (9.5.5), so that every 4, in Q’ is A,,. Thus 
(9.5.6) is A,, O(E, 0) > A, and therefore, by (9.5.4), A,,7>A. 
We can easily deduce Ostrowski’s and Hadamard’s theorems. 


THEOREM 142. If > a, 2” has an infinity of gaps satisfying (9.5.1), and 
ats sum f(z) ts regular at a point z, on the circle of convergence, then the 
partial sums s,,,(z) converge for z = z», and uniformly in a neighbourhood 
Of 2— Zs: 


We may suppose z) = 1. Then A, = O{(1+5)*} for every positive 5. 
Also > a, 2” is summable (B) for z = 1, by Theorem 134, and uniformly 
summable in a neighbourhood of z = 1, so that (9.5.6) holds uniformly 
in the neighbourhood. Thus the conclusion follows from Theorem 141. 

Hadamard’s theorem is a corollary of Ostrowski’s. We may suppose 
the radius of convergence to be 1, and it is enough to prove that z = 1 
is a singular point. If we write the series as > a, 2”, then a, = 0 except 
when 7 is of the form ¢(m), and every term whose coefficient is not 0 
is the beginning and end of gaps satisfying (9.5.1). If z= 1 were a 
regular point, then the series would converge at points outside the circle 
of convergence; and therefore z = 1 is singular. 
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9.6. Tauberian theorems for Borel summability. We pass to 
the principal topic of the chapter. Our main purpose in this section 
and the next is to prove the theorem concerning Borel summability 
which corresponds to Tauber’s Theorem 85, viz. 


THEOREM 143. If > a, = A (B) and 
(9.6.1) a, = 0(n-4), 
then > a,, converges to A. 

Actually we shall prove a good deal more. Later (§9.13) we shall 
show that the o in (9.6.1) may be replaced by O; but this theorem 
(Theorem 156) is a good deal harder. All our conclusions will be true 
a fortiori, after Theorem 128, if > a, is summable (E,q). We need three 
lemmas. 

THEOREM 144, Suppose that 
(9.6.2) a >—l, 0o<BP<l, p>-—l, 0<H <1; 
that AX is defined as in §§ 5.4-5;} and that 


(9.6.3) A&% = o(nP). 

Then 

(9.6.4) A+B = o(nPtP) 

and 

(9.6.5) Ax+B— Ax+8 — o(|m—n|Fne) 


uniformly for 0 < (1—H)n <m < (1+4H)n. 
We have already proved (9.6.4) in §5.7.{ For (9.6.5), we use the 
formula | 
‘ 1S Pm—p+s) 4 
(9.6.6) A+B — T® 2,Ta—pt1) Ax.§ 
There are two cases, according as m > mn or m <n, and the proofs in 
these two cases differ only trivially. We take the case m > n. Then 


T'(p) (Ag+8— A+B) = 2 aed Ag 
=nt+1 


T(m—p+B) U(n—pt+B)\ gu _ 
+S fines — Tp 4s +p 


say. Here, first, 
™ 
, = 0{ne > (m—p+1)P-4] = of(m—n)Pnt}. 
nt+1 
+ And Az! = a,, as in § 5.4. 


{ Strictly, for p = a; but the proof for general p is substantially the same. 
§ (9.6.6) is (5.4.8), extended, as in § 5.5, to general & and k’. 
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If 8 = 1,8, = 0. If 8 < 1, then the coefficient of A2 in S, is negative; 
and 


_ {Ul m—p+p) T(m—p+) = 
= D [reap ti) Top tay) — StS 


where S, and &, extend over the ranges 0< p< in andin<p<n 
respectively. 


In S, we may replace p? by n?, and then sum over the whole range 
0<p<n. Thus 


=| > (rapt) Teme 


~o(S- SJR) ~ CS 8 JR 


q=m— a=0 q=n+1 


= oeS HEB) = eth) = denn 


Finally, in 8, 


D(n—p+B)_ V(m—p+B) _ 
T(n—p+1)  T(m—p+1) 


= Of(m—n)nP-*\4 O(nB-2) = Of(m—n)nBb-}. 
b= of(m—n)nB-* ¥ pe} = of(m—n)nhie-1} 


= (n—p)P-1— (m—p)P-1-+ O(nB-*) 


Hence 


= of (™—") mn —n yf = o{(m—n)Pn?}. 
nth 


: AB Sn 2s og 
THEOREM 145. If k > 0, x00, then e Pa teey << 


For the sum is 
x 


oe ae ~1 —lp—t day > 
Tm ape t)k¥-y" dt = fe) —t)*-le dt = rol uk-le-* dul. 


THEOREM 146. If k > 0, and >» a,— 48 convergent for all t, then 


gntk 


Z oe eae ” 
(9.6.7) e > Anrm@tep) = re | (a—t)* tS A, 
0 


+ Since 0< m—n < An<n. 
4780 P 
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If we write x—wu for ¢ and multiply by e*, the identity becomes 


gntk 1 - eee (x—u)” 
(ee) > “tna peeD = me! * oD Anaya 
0 


The left-hand side of (9.6.8) is 
gn+k — T(n—p+k) A 
2. Ta tkti) & Trapt)? 
ae = T'(n—p+k) a 
= ml oT (n+k+1)0(n—p+ 1)” 


while the coefficient of A, on the right-hand side is 


z 


ea ne OR ee 
Per @ +I) ! ie a “=rerery 2a | ca amas i 


== > — P@t+h) asp se 
Dk) & Patpt+k+ir@t+)) 


= T'(n—p+k) : 
= TO, = 4 Dnt h-+ Di(n—p+l) * 


The identity may be regarded from another point of view whose full significance 
will appear in Ch. XI. Since, generally, 


>» am > a” 
e Un aa = ( —] )"A"uy nl 7 
the identity is 


ook > (—1)"A"B, = = nf e-(D (—1A"4,—} dt, 


Tin+1) 4, _ Ok 
T(n+1+k)~"™” T(k+1)’ 
and Ck is the k-th Cesaro mean of > a,; and this is 


n+tk+l gntk gentk 
> (—ae ea ‘A sas ey TY => (- ie "Ao LeE1)’ 
Thus the identity is equivalent to 
TD(kA+1)0(n+1) 
D(in+k+1) 


where B,= 


(9.6.9) A®Ck = A"Ay. 


9.7. Tauberian theorems (continued). We can now prove 
THEOREM 147. If p > —3, 

(9.7.1) an = O(n), 

and > a, is summable (B) to A, then > a, is summable (C, 2p+-1) to A. 


9.7] THE METHODS OF EULER AND BOREL (2) 211 


The theorem shows that a series which is summable (B) and of finite 
order (i.e. a, = O(n*) for some K) is necessarily summable (C,&) for 
sufficiently large k. Theorem 143 is the case p = —}. 

We assume, first, that 


(9.7.2) Ak-B — o(n/), 
where k>0, O<fP<1, p>-—1, ptf>0: 
this reduces to (9.7.1) fork = 0,8 = 1. By Theorem 144, 
(9.7.3) Ak, = o(neB) (m<n), AB, = olmP*8) (m > n), 
and. 
(9.7.4) Af —A¥ = o(|m—n|Pn°) (|m—n| < Hn). 
We may take A = 0. Then, by Theorem 146, with x = n and m for n, 


(9.7.5) S= o> AE Tease = ofn* f (n—t)*-1 a = 0(1). 
We write 
(9.7.6) 


—n Ak 
candi 2 repeat 2, (tA repay SH 


(9.7.7) = em > + 5 + > )= SM + S2)+ §2), 


m<n—n& n—nb m>n+nb 
where 4 <(€<%. Then (9.7.5) is 
(9.7.8) S,+89+ 82+ 9 = o(1). 
Here, first, 8, = n-Ak{1+0(1)}, 
by Theorem 145. Secondly, 
sp = Ole-rnr+# > =) = O(e-”"), 


m<n—ns 


where 7 = 7(£) > 0, by (9.7.3) and Theorem 137 (3). Thirdly, after 
(9.7.3) and Theorem 137, (3) and (6), 


2) = ole mer 


= Ole» merB—e recn) = 
m>n+ns T(m ss 


and it now follows from (9.7.8) that 
(9.7.9) nk AP{1+0(1)}+4+ S2 = o(1). 


Ole-*"); 
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It remains to discuss S%). Here we use (9.7.4) and Theorem 137 (5), 
which give 


n+né P nm n+nt gn™ 
(2) —n, ee ee chews eo —nyp—ke mane 
S$ ofe ee n| Gere iy ofe n a | =) 
n+r 
= of e-™np-* |r|8 — = o(ne-k (Perv) 
( 2 , (n-+r)! 2 ‘ 


= o(ne-t-s J |¢|Be-Hi2n a = o(np-*+48), 


Hence, finally, (9.7.9) becomes 


(9.7.10) n-*A¥{1 +-0(1)}+-0(nP-#+48) = 0(1), 
i.e. 
(9.7.11) Ak = o(n*)-+-0(ne+t6), 


Taking k = 0, B = 1, so that a, = o(n?), in (9.7.2) and (9.7.11), we 
obtain 
(9.7.12) A,, = 0(1)+-o(nP+t) = o(nptt). 

Next, we suppose that v8 = 2p+1, where » is an integer and B < 1, 
and prove that 
(9.7.13): AtB — o(np+t+irB) 
forO<r<_v. First, (9.7.13) is true for r = 0, by (9.7.12). We assume 
it true for r = s < »v, and use (9.7.2) and (9.7.11), with k = (s+1)f and 
p+4-+488 in place of p. Then (9.7.11) gives 

AGtDB — ofne+DP} + ofnp+i+ie+DB} = of{nptt+ie+)p} 
since He+1)B < HB = p+4; 
and this is (9.7.13) with r = s+-1. 
Thus (9.7.13) is true generally. Finally, taking r = », we find that 
Apri = o(n?P+1), 
ie. that > a, is summable (C, 2p-+1) to 0. 

We have stated the theorem for summability (B), but it is equally 
true under the slightly weaker hypothesis of summability (B’). For, 
if >a, is summable (B’), then 0+da)+a,+... is summable (B), by 
Theorem 126, and the terms of this series are of the same order as those 
of the original series. Hence it is summable (C, 2p+-1), and, therefore, 
by Theorem 47, the original series is summable (C, 2p+-1). 

Incidentally we have proved 

THEOREM 148. Ifa, = 0(1) and > a, is summable (B), then A,, = o(nt). 

We shall need this theorem later. 
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9.8. Examples of series not summable (B). Theorem 147 shows that no 
series of finite order can be summable (B) unless it is summable (C). On the other 
hand, we can find examples of series, summable (C) (and so of finite order) but not 
summable (B). 

(i) The series } n>te4in*, where 0 < « < 1, A > 0, is summable (C,k) for 
every positive k, by Theorem 84, but is not convergent. If a < 4, then the 
general term is o(n~*); and therefore, by Theorem 143, the series is not summable 
(B). A fortiori, by Theorem 128, it is not summable (E,q) for any q. 

(ii) If « = 4 then the general term is O(n-4) but not o(n-#). The conclusions 
of (i) are still correct but (in default of direct analysis) we must appeal to the 
more difficult Theorem 156, which we have yet to prove. 

(iii) Suppose that A, = (—1)™m when n = m?* and A, = 0 otherwise: the 
series is then that derived from 

—2(1~2)-+ 2a4(1—x)— 3a9(1—2z)+... 
by writing it as a power series and putting x = 1. If N? <n < (N+ 1)?, then 


1 N 
1 ae og! oe —1)¥yr = of =) — = 
CHA) = 5 {-142-34..4(—1)"N) = 0(2) = of, 
so that the series is summable (C, 1) to 0; but it is not summable (B). In fact, if in 


we take z = N* and m = N-+u, then it is easy to show, by use of the approxima- 
tions of Theorem 137, that S(N*) is dominated by the terms for which |u| < NP, 
where 0 < Bf < }, and that - 
sv) = TOS (ye p01) 
Iul<wb 
assumes values of alternating sign, numerically greater than }, when N —> oo. 


9.9. A theorem in the opposite direction. The examples of the 
last section show that summability (C) does not necessarily involve 
summability (B), and a@ fortiori that it does not involve summability 
(E,q) for any g. It is natural to ask what strengthening of the hypo- 
thesis is necessary to secure such a conclusion, and the simplest theorem 
in this direction is as follows. 

THEOREM 149. If 

— AgtAy+... +4, % 
(9.9.1) C7(A) = gay = A+o(n-4), 
then > a, ts summable (E,q) to A for every positive q, and a fortiori 
summable (B). 
We may take A = 0, when, by (8.3.4), we have to show that 
Af = Ayt+A4,+...+4, = o(nt) 
implies 


] =. (n ud 
AP = Gp 2 (7) = Zahm Am = (1): 
m=0 
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here v,, = U,,(n). The largest v,,, Say Vy, is given by (9.1.11), and, by 
Theorem 138 (2), 


(9.9.2) Un < Um < An-t, 
where H is independent of n and m. We choose p so that 
(9.9.3) |A,p+Apit-+A,| < ert 


for r > p > p, suppose n so large that M > p, and write: 
w-1 M n 
AM = ("SHS +4 > )omAm = S++, 
0 B M+1'. 


say. Then, since v,, decreases on either side of m = M, we have 
[Sg] < %y.<Mt < He, [Sg] < ven? < He, 
by (9.9.2) and (9.9.3); and S, > 0 when yp is fixed and noo. Hence 
|AZ| < 3He for sufficiently large n. 
Theorem 149 is a best possible theorem in the sense that the o of 
(9.9.1) cannot be replaced by O. This is shown by the series of § 9.8 (iii): 


we have seen that in this case C1(A) = O(n), but that the series is 
not summable (B). 


9.10. The (e,c) method of summation. Our primary object in 
the rest of this chapter is the proof of Theorem 156, the generalization 
of Theorem 143 in which 0 is replaced by O. The proof is rather difficult, 
and will be simplified considerably by a preliminary study of some other 
methods of summation. These methods appear here as auxiliaries, but 
they have also some independent interest. 

We shall be concerned primarily with delicately divergent series, 
among which we distinguish three classes, the class 8 for which 


(9.10.1) a, = 0(1), 
the class Q for which 

(9.10.2) A,, = o(n#), 
and the class ® for which 

(9.10.3) a, = O(n-4). 


It is plain that $ includes R, while Q does not (and a fortiori does not 
include $$). We shall, however, find that all series of 8, summable by 
any of the methods which we are considering, belong to Q. We have 
seen alreadyt that this is true for series summable (B). 

We shall often use a number ¢ which, as in §§9.1-3, lies between 4 
and 3. We shall be dealing, as there, with sums with respect to h, or 


f See the last remark of § 9.7. 
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integrals with respect to ¢, in which the contribution of the parts 

|h| > nf, or |¢| > x$, is O(e-™"), or O(e-*"), where 7 = 7(£) > 0. These 

‘tails’ of the sums or integrals will therefore be trivial, and we shall 

hold ourselves at liberty to reject or retain them at our convenience. 
We define summability (e,c), in the first instance, by saying that 

(9.10.4) da, =A (e,c) 

means 


(9.10.5) J (<) > eng > A 


when n >0o. Here c > 0, the variable of summation h runs from —0oo 
tooo, and A,, is to be interpreted as 0 when m < 0. Itis, however, usually 
convenient to vary this definition by introducing a continuous para- 
meter x. We define A(t) as 4, when n <¢t < n+l, and take 


(9.10.6) J ( ele A (x-+t) dt > A,t 


when x — 00 continuously, as an alternative definition of summability. 

We begin by proving 

THEOREM 150. If a, = 0(1), and > a, is summable (B), (E,q), or (e,c), 
an accordance with either of the definitions (9.10.5) or (9.10.6), then 
A,, = o(n*). 

We proved this for B in §9.7:{ a@ fortiori, after Theorem 128, it is 
true for (E,q). We have therefore only to prove it for series summable 
(e,c). We take the first definition, the proof for the second being 
similar. 

After Theorem 140, 


4, /(=) >» e-chin — A {1+o(1)}, 


and therefore, if (9.10.5) is true, 
(9.10.7) a (=) > Ansa—Apleren = A+0(1)—A,{1+0(1}}. 


Since A, = o(n), Ans, = 0(n+|h|), we may neglect the terms for 
which |h| > 2; and A,,,—A, = 0(|h]) in the remainder. Hence the 
left-hand side of (9.10.7) is 


o(n-* > |hle-cin) — o(n- J |tle-#/n dt) = 0(n-*.n) = o(nt), 
and therefore A, = o(n?). . 


{ Here ¢ runs from —oo to 0. ~ Theorem 148. 
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. Next, we prove 


THEOREM 151. If A, = 0(Wn), then summability (B) is equivalent to 
summability (e, 4) by either of the definitions (9.10.5) and (9.10.6). 

We prove the implication B — (e,}): our arguments will be plainly 
reversible. We may suppose A = 0. 

(1) We prove first that 


(9.10.8) n> Ana = (1) 
implies 
(9.10.9) > e224, = 0(Vn) 


when n -> 00 by integral values. We may neglect the ‘tails’ of the sums, 


for which m= n-+h, |h| >‘, and use the approximation (9.1.8). 
Then (9.10.8) is 


(9.10.10) > erent 0A OEE ban = 0(Vn), 


and A,,, = 0(vn). Hence the O terms in (9.10.10) give 


i een eae 
of fe (ie-+3) at, of fo er? ae} 


respectively. Since these are o(Vn), we obtain (9.10.9). 
(2) Next, we replace (9.10.9) by 


(9.10.11) f etn 4 (n+-t) dt = o(Nn). 
The difference is 
h+1 


(9.10.12) >} { (e-Ml2n__e-Pl2n) A (n+-t) dt, 
h 


and here again we may neglect the tails and suppose A(n-+2) = o(vn). 
Any part of (9.10.12) in which h is bounded is plainly o(vn), so that 
we may suppose / and ¢ large. Then 

ean __ ean and oft etn) , 

n 

and (9.10.12) gives 

o(n- J e181 | ¢ at) = 0(Vn). 
Thus we obtain (9.10.11). 


(3) Finally, we replace the n of (9.10.11) by a continuous z. If 
x= n-+f, where 0 <f < 1, then the integral in (9.10.6), with c = 4, is 


i eA (n-+-f+t) dt = f e-t-P2n +A (n-+t) dt, 
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and what we have to prove is that 
J {e-¢-Mian+N _ e120} 4 (n-+-t) dt = o(Wn). 
We may again neglect tails, replace A(n+t) by o(vn), and suppose ¢ 
large. We have 
e-¢-MlAn+/)_ e~Plan —. fe fet-whtun 0} 


for a w of (0, 1), and this is 


ofr e re a tare) ~ Ola ta) 


Hence our error is 


oz i eH3n ¢| ai\-+o(-, | eHi3n|¢)2 a = 0(Vn)+0(1) = o(vn), | 


and this completes the proof. 

If a, = o(1), and the series is summable, then: A,; = o(vn), by 
Theorem 150, and the result of Theorem 151 holds a fortiori. Through- 
out the rest of this chapter we shall suppose that a, = o(1), not 
troubling to ask whether this hypothesis is essential; but there is one 
place in Ch. XIT (§12.15) where it will be essential to have proved 
Theorem 151 without it. 


THEOREM 152. If a, = 0(1), and > a, is swummable (E,q), then it is 
summable (e,c), where c = q+ 124 to the same sum; and conversely. 


We write 


—— m= M-+h, r= —., yr == =: 
Es 2 q+l q+1 
and we may then replace the Euler mean of A,, by 
—s 1 n n-M—-h 4 
Xn (q+ We Dar)? M+h* 


Here, after Theorem 138, 


wpa)? ~ yaw emrat 4 0(ET}+0(F)} 


and it follows, as in the proof of Theorem 151, that y,, > A is equivalent 
to 
1 —h?\(2rr'n) 
This is effectively (9.10.5), with c = (q+1)/2g and M in the place of n. 
Theorem 151, with a, = o(1), corresponds to g = 00 
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_Ifc = (q+1)/2q then c decreases from oo to 4 when q increases from 
0 to oo. If we suppose a, = o(1), and combine Theorems 152 and 118, 
we find that if a, = 0(1) and 4 <c’ <c, then summability (e,c) implies 
summability (e,c’). We shall, however, see in §9.11 that this theorem 
is incomplete, the result being true for 0 <c’ <c. 

9.11. The circle method of summation. We shall say that 
(9.11.1) da, =A (yh), 
where 0 <k <1, if (i) a, 2” is convergent for |x| < 1, and (ii) the 
Taylor series for f(l—k-+ky), viz. 


(9.11.2) yee (ky)” = > by” 


is convergent for y = 1. 

Here B,, = b)+6,+...+6,, is the coefficient of y™ in the expansion, for 
ly | <1, of (l—y)f(1—k-+ky). Ifa = 1—k+ky then 1—x = k(1—y), | 
and so 


n= foto] ~ [Eel 


= YA, 2" ym = MY AL —b hy)" | 
Since y™ occurs in k(1—k-+ky)" only when n >™m, and then with 
coefficient a km+1(] —k)"-™, it follows that 
(9.11.3) 
B= ko A+ (m-F YDB) Aan ay LE) iat 


It may be verified at once that the method is regular, and that the 
relation between b,, and a,, is 


(9.11.4) 
a L(y + (+ LY LH) gag + AE — Baa bo 


These formulae have been obtained under the hypothesis that the 
radius of convergence of }a,2” is 1, but we might abandon this 
hypothesis and say simply that > a, is summable (y,k), to sum 4, if 
B,,, defined by (9.11.3), exists for all m and tends to A. It is, however, 
more convenient for our present purpose to keep the restriction, and 
the theorems which follow depend upon it. 


THEOREM 153. If > a, is summable (y,k), and 0 <1 <k, then Da, 
is summable (y, 1) to the same sum. 
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We write 
z= 1—k+ky = 1—l+kz, y= Ip 4ie 


f(z) = Ya,2" = J bny” = Den2", 
and denote the series > a,, > 6,, and > c, by A, B, and C. If A is 
summable (y,k) then B is convergent, and therefore summable (y, J/k). 
But this means that C is convergent, i.e. that A is summable (y, l). 
There is a theorem for the (y,&) method corresponding to Theorems 
151 and 152. 


THEOREM 154. If a, = o(1), and > a, is summable (y,k), then it is 
summable (e,c), where 


(9.11.5) pees 


2(1—k)’ 
to the same sum; and conversely. 


The (y, k) mean, of rank n, is 


B, = ket > (F)a—ep-4, = mim 


p=n 


where Up = ( Versa —Bye— 
when p > n, u, = 0 when p < n, and m = [n/k]. After Theorem 139, 
we may neglect the terms for which |h| > n¢, and write 


cn eprom tof) 


where c is given by (9.11.5), in the remainder. The result then follows 
as in the proofs of Theorems 151 and 152. 

When & increases from 0 to 1, c increases from 0 to o. Hence 
Theorems 153 and 154 give 


THEOREM 155. If a, = 0(1) and >a, is summable (e,c), then it is 
summable (e,c’), to the same sum, for0 <c’ <c. 
This theorem will play an essential part in the proof of Theorem 156. 


9.12. Further remarks on Theorems 150-5. We have supposed throughout 
§§ 9.10-11 (except in Theorems 151 and 153) that > a, is a series of the class $, but 
the proofs of Theorems 152, 154, and 155, like that of Theorem 151, require only 
that it should belong to Q: Theorem 150 shows that $ is, for our purposes here, 
a subclass of Q. 

Theorems 151, 152, 154, and 155 are actually true for much wider classes of 
series. We need them only as tools for the proof of Theorem 156, and it is not 
necessary to consider how far they may be generalized; but what we have proved 
falls far short of the ultimate truth. Thus Hyslop has proved that the B and 
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(e,$) methods are equivalent whenever a, = O(n*) for some K, and the scope of 
Theorems 152 and 154 might be extended similarly. It would follow that Theorem 
155 also is true for all series of finite order. 

The range of this theorem might be extended still farther by the use of different 
methods. Let us consider, for convenience, the analogue of the theorem for con- 
tinuous limits. We say that f(x) —> 1 (e,c) if 


(9.12.1) f(z) = J ( <) | eM f (+t) dt —> 1, 

the integral being a Lebesgue meer Then it may be proved that 
(a—b)x _ab(t—2x)? 

(9.12.2) S,(2) = ef (ax (ax—b0yt exp|{— qa bt we eT I felt) dt 


whenever 0 < 6 < aand the integral (9.12.1) is convergent force = 6; and deduced 
that, subject only to this last condition, 


f(z) > 1 (e,a)—> f(x) > 1 (e,b). 
This is another illustration of the principle of § 4.12. 


9.13. The principal Tauberian theorem. We are now in a 
position to prove our main theorem. 


THEOREM 156. If > a, = A (B) and 
(9.13.1) a, = O(n-4), 
then > a,, converges to A. 


We begin by proving that A, = O(1). It follows from Theorems 150 
and 151 that 


(9.13.2) Js) > eA ney = A+O(L) 


forc = 4. By Theorem 140 


C —ch?/n __ 
JS) > € = 1+0(1), 
and therefore 


(9.13.3) -A,f1-+o(1)} = JS) 4, > em 


— / (=) > eA, —Anin)-+4+0(1). 


We may restrict the summation to |h| <n’. Then A,,,,—A, is O(n-*|h]), 
and the sum is 


O(n welt) = O(n f ect |e dt) = O(1). 
Hence A,{1-+-0(1)} = O(1), ie. A, = O(1). 
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The next (and the critical) stage of the proof depends upon ‘ Vitali’s 
theorem’. Suppose that D is an open and connected region of z, that 
¢,(z) is, for each n, an analytic function of z regular in D, that ¢,,(z) 
is uniformly bounded in D, and that ¢,(z,) tends to a limit (2,), for 
each of a set of points 2, with at least one limit point in D. Then there 
is an analytic function ¢(z) such that ¢,(z) > 4(z) uniformly in any 
closed and bounded region R contained in D. 

To apply the theorem, we suppose c = y+-18 complex; choose 55, 79, 71 
so that 89 > 0, 0<y<4<¥; define D by <y <j, [8] <8); 


and write $,(c) = Fl 7 > e~Ming 


We may suppose that |a,,| < n-+ for large n. 
Since (as we have just proved) A, = O(1), d,(c) is, for each nm, an 
analytic function of c regular in D. Next, 


sso ff) So] = 01) Jemma or 


uniformly for c in D and all n. By Theorems 151 and 155, $,(c)>A 
for every c on the stretch (yo, 4) of the real axis. It follows from Vitali’s 
theorem that ¢,(c) > A for all c of D. In particular, since Yo > 0 and 
¥1 are arbitrary, > a, = A (e,c) for all positive c. 

Thus (9.13.2) is true for all positive c. We may restrict the summa- 
tion to |h| <n, and then 


lAnsn—Aal S n-*h| 
J (=) » e~h'in( A, —An sn) 


2. <id@)aeem 
< - d (| ‘ e-Aln it] dt + ie) < Fen tout 


It now follows from (9.13.3) that 
lim|A,—A| < (em)-+4, 
and therefore, since c is arbitrary, that A, >A. This completes the 
proof. . 
It is plain that we have also proved 


THEoREM 157. If ¥ a, is summable to A by any of the (E,q), (e,c), 
or (y,k) methods, and a,, = O(n-+), then > a, converges to A. 


for large n. Hence 


t e~@/"\¢| has maxima (n/2ec) when ¢ = + (n/2c). 
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9.14. Generalizations. There are generalizations of all these 
theorems for extensions of Borel’s methods such as we encountered in 
§4.13. There we defined summability (B’,«) by 


a,t"™ 
Je Drgern?-4 
and we may define summability (B, «) by 


> a(*\2 +A. 


Thus, when « is an integer k, these assertions are equivalent to the 


assertions that Ppa a oat ee, ae 2 
where there are k—1 zeros between a, and a,,,, are summable (B’) 
and (B) respectively. We leave it to the reader to prove 

THEOREM 158. Ifa, = 0(1), then the methods (B, «), (B’, «), (e, 4a) are 
equivalent. 

THEOREM 159. Suppose that the parameters c, a, q, k are connected by 
the relations 

-_ k 1+q 
ba = 2(1— X(1—k) 2g 

(the parameter q being used only when c > 4), and that a, = o(1). Then 
the summability of > a, by any one of the methods 


(e,c), (B,a), (B’,a), (H,g), (y, k) 
implies its summability, to the same sum, by any of the others. Summa- 
bility for a particular c, a, k, or q implies summability for any smaller 
positive c, a, or k or any larger q. 

It is to be expected, after § 9.12 and the theorems referred to there, 
that the last clause of Theorem 159, with the restriction a, = o(1), 
should be far from expressing the full truth about any one of the 
methods in question. Thus the implications (E, q) — (E,q’) for q’ > q¢ 
and (vy, k) —> (y,k’) for 0 < k’ < kare true, after Theorems 118 and 153, 
without reservation; and it can be proved that (B’,«)—»(B’,8) for . 
0 < B < a whenever the series 


a. eae 
> “T(Bn+1) 
converges for all ¢. 
9.15. The series. > 2”. A good deal of light is thrown on the 


relations between these methods by their application to the geometric 
series. We summarize the results shortly. 
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(1) The (E,q) method. The series is summable inside the circle 

(e+9)?+y? = (q+1)? or 
r= /(1+2q+9?cos?@)—qceos@ (—7 <0< 7). 
See § 8.2. 

(2) The (B,a) and (B’,a) methods. The success of the methods 
depends upon the formula (d) of p. 197. The boundary of the region 
of summability is the curve r = {sec(6/«)}*. The region is bounded if 
a > 2 but extends to infinity if 0 <a < 2, and tends to the Mittag- 
Leffler star when «-— 0. When a = 2, it is the inside of the parabola 
y* = 4(1—z). 

(3) The (e,c) method. The method will succeed if 


ene Lani eatin a, i 
7m 1—z 1—z 


(where h > —n), and the question is easily settled by the aid of the 
formulae for the linear transformation of the theta-functions. We find 
that the region of summability is 


r< erate (_-g CO< 7). 


(4) The (y,k) method. If we are to apply this method to > 2”, with 
|z| > 1, then we must abandon the restriction imposed on the definition 
in §9.11. This invalidates the proof of Theorem 153, which ceases to be 
generally true. The region of summability is defined by the two 
inequalities 

|(1—k)z| <1, |kz| < ]1—(1—&)a|, 
and diminishes to the interior of the unit circle when k tends either to 
0 or to I. 

It will be found that the relations between these various regions, near 

z = 1, are closest when the parameters are connected as in Theorem 159. 


9.16. Valiron’s methods. Valiron has defined and used a more 
comprehensive generalization of Borel’s method. The general ‘integral- 
function’ definition of § 4.12 was as follows. We say that A, > A(J) if 


1 > C, A, x” 
. Jl nr n nr 
(9.16.1) F(a) > ¢,A, 2" = = > A, 


re 
Cy X 


where J(z) is an integral function, not a polynomial, with non-negative 
coefficients c,. We now suppose that c, = e-@), where 


G(n) > 0, G'(n) > 00, G’(n) > 0 


t Note on § 8.10. 
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with considerable regularity. The typical cases are 
(9.16.2) G(n) = CnF (C>0,1<k <2) 
and G(n) = nlogn—n: in the last case the method is practically Borel’s. 
We write H(n) for G’(n), so that 

H(n) = Ck(k—1)n¥*-*, n-3 
in the two typical cases. Then Valiron, generalizing the arguments 
applied to Borel’s method by Hardy and Littlewood, proves that, 


subject to certain conditions of regularity on G(n), A,->A(J) is 
equivalent to 


(9.16.3) J oa > HAL > A 
whenever 
(9.16.4) A,, = o[{H(n)}-*]; 


and that this is true, in particular, whenever a, = 0(1). 

We shall express (9.16.3) as A,, > A (V, H). The main interest of the 
method lies in the Tauberian theorem associated with it. If > a, is 
summable (V, #), and 


(9.16.5) a, = Of{H(n)}], 
then > a,, is convergent. When G(n) = Cn, then (9.16.5) is 
(9.16.6) “ Ay, = O(nte-2), 


We confine ourselves here to proving, as is easy, that (9.16.3), with 
H(n) = cnk-2 (1 << k < 2), and _ 
(9.16.7) Qn = o(nte-1y, 


imply the convergence of the series. It will plainly be sufficient to 
prove that 
ntk-t > en tehn"(A nan —An) > 0, 
jh}<nb 


where ¢ is now a number between 1—}k and 1; and this is 
o(nk-2 5 e-tehn*"| |) = (1). 


NOTES ON CHAPTER IX 


§§ 9.1-3. The substance of Theorems 137-9 may be found in many books, 
particularly in books on the mathematical theory of probability. 

§ 9.5. Hadamard’s theorem was first proved in J. de M. (4), 8 (1892), 101~86 
(118), and Fabry’s generalization in AEN (3), 13 (1896), 367-99. There are 
comparatively simple proofs in Landau, Ergebnisse, 76-86. Ostrowski’s theorem 
was proved in BS (1921), 557-65: see also JLMS, 1 (1926), 251-63, where fuller 
references are given. Mordell, JLMS, 2 (1937), 146-8, gave a particularly simple 
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proof of Hadamard’s theorem; and Estermann, ibid. 7 (1932), 19-20, proved 
Ostrowski’s by a modification of Mordell’s method. The proof here is due to 
Zygmund, JLMS, 6 (1931), 162-3. 

See also Dienes, ch. 11. 

§§ 9.6-7. Hardy and Littlewood, PLM (2), 11 (1913), 1-16. There is a direct 
proof of the theorem for Euler summability corresponding to Theorem 143 in 
Knopp, MZ, 18 (1923), 125-56 (136-9). 

Hardy and Littlewood state Theorem 147, but give the proof in full only when 
2p+1 is an integer. See also Lord, PLMS (2), 38 (1935), 241-56. 

§ 9.8. Hardy and Littlewood, l.c. supra, show that 


Dd n-te4in® (A > 0) 


is summable (B) for all s if 4 < a < 1, but summable only when convergent if 

0<a< 3}. They take A = 1, and the argument is only sketched in places. 
Another example of an ordinary Dirichlet’s series summable (B) only when 

convergent, though summable (C, k) for some &, all over the plane, is 


1-§+0+40+...—8#+0+04+...4+27-*+0+4.... 


See Hardy, PLMS (2), 8 (1909), 277-94 (286-9). 
Series of the type (iii) are considered by Hardy, QJM, 35 (1904), 22-63. Hardy 
shows in particular that the convergent series > a, in which 


a, = (—1)™%m"1_ (n = m?*), a, = 0 (n #m?) 


is not absolutely summable. 

§ 9.9. The analogue of Theorem 149 for B summability was proved by Hardy 
(l.c. supra, 37-42), and Theorem 149 itself by Knopp (l.c. under § 9.6, 150-1). 
There are generalizations by Hardy and Littlewood [RP, 41 (1916), 36-53 (46—-7)] 
and by Knopp (l.c. 151-2). 

§§ 9.10-11. The (e,c) and (y,k) methods were introduced by Hardy and Little- 
wood in their paper in the RP, and the substance of most of the theorems proved 
here will be found there or in their later paper in JLMS, 18 (1943), 194-200. 
Knopp considers the relations between Euler summability and summability (e,c), 
but does not state Theorem 152 explicitly. 

§ 9.12. The reference to Hyslop is to PLMS (2), 41 (1936), 243-56. 

§ 9.13. The method is that of Hardy and Littlewood’s paper of 1943. For 
Vitali’s theorem see Littlewood, 117, or Titchmarsh, Theory of functions, 168. 

Theorem 156 was first proved by Hardy and Littlewood in their paper in the 
RP. The condition (9.13.1) was afterwards generalized further by Valiron [RP, 
42 (1917), 267-84] and R. Schmidt [Schriften d. K6nigsberger gelehrien Ges. 1 
(1925), 205-56]. The most general form, due to Schmidt, is 


lim(A,—A,n) >0 


when m-—> 00, n > m, m-*(n—m) — 0: in particular this condition is satisfied if 
a, > —Hn-*t. The proof was simplified by Vijayaraghavan, PLMS (2), 27 
(1927), 316-26. 

There is an alternative method of proof by means of Wiener’s ‘general 
Tauberian theorems’: see Ch. XII and in particular § 12.15. 

§ 9.14. The theorem referred to at the end of the section will be found in 
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Hardy, JLMS, 9 (1934), 153-7, and Good, PCPS, 38 (1942), 144-65. Hardy 
proves the result only when B = $a, Good generally. Thus Hardy proves that if 


@9+0+a,+0+a,+0+... = 8 (B’,a) 
and 


tra 
(a) a,(t) = > ay T(na+ 1) 


is convergent for all ¢, then ag+a,+a,+... = 6 (B’,a). The proof actually shows 
rather more, viz. that if the series (a) converges for small ¢, and a,(t) is regular 
for all positive ¢, then 

f eta.) dt=s. 


This is a generalization of the (B’,«) method similar to that of the B’ method 
in § 8.11. 

When g = 1, « = 2. Thus the (B’,«) method most closely connected with the 
ordinary Euler method is (B’, 2). 

§ 9.15. The main result under (2) is due to Mittag-Leffler, l.c. under § 8.10. 

The (e,c) region is determined by Hyslop, l.c. under § 9.12: he has c = 4. 

§ 9.16. For all this see Valiron, l.c. under § 9.13. When k = 2, 


G’(n) = H(n) = Ck(k—1) 4 0 
and (9.16.6) becomes a, = O(1). In this case the method fails to sum 
1—1+1~—... (§ 4.15). 


xX 
MULTIPLICATION OF SERIES 


10.1. Formal rules for multiplication. It will be convenient, 
throughout this chapter, to use the same letter for a series and its sum, 
whether the sum is a sum in the sense of ordinary convergence or not. 

If the series > a,, = A and > b, = Bare absolutely convergent, then 
the double series >> a,b, is absolutely convergent, and has the sum 
AB however its terms are arranged. When one at least of A and Bis not 
absolutely convergent, the convergence, or summability, of the double 
series will depend upon the rule prescribed for its arrangement, differ- 
ent rules giving different definitions of the ‘product’ of A and B. The 
most familiar rule is Cauchy’s, in which the double series is summed 
‘diagonally’, by associating together the terms in which m-++n has a 
fixed value. We then write 


(10.1.1) Cp= YS Andy = ¥ An bpm = > Up—n Ons t 
m+n=p 

and define the product series C as 

(10.1.2) C= oe. 


The rule is suggested by the formula > a,,2” > b,x” = > c, 2? for the 
product of two ascending power series. 

Another rule is important in the theory of ‘ordinary’ Dirichlet series. 
We suppose that a) = 0, by = 0, and associate together the terms in 
which mn has a fixed value p, so that 


mn=p d|p a|p 


the summation in the last sums extending over the divisors of p. This 
rule is suggested by the formula > a,,m-* > b,n-* = > c,p-*; and 
there are other modes of multiplication associated with Dirichlet series 
> a,,¢»* of more general types. 

In this chapter we shall concentrate our attention on Cauchy’s rule, 
which we shall discuss very thoroughly, and dismiss the various methods 
of ‘Dirichlet’ multiplication summarily. We shall also say something 
about the corresponding problems for series infinite in both directions. 


. 


10.2. The classical theorems for multiplication by Cauchy’s 
rule. The three classical theorems of the subject, due to Cauchy, 
Mertens, and Abel respectively, are as follows. 


{ Here, and often in what follows, we use the convention of § 5.4. 
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THEOREM 160. If A and B are absolutely convergent, then C is absolutely 
convergent, and C = AB. 


This is a corollary of the absolute convergence of the double series 
D> an bn- 

THEOREM 161. If A is absolutely convergent, and B convergent, then C 
1s convergent, and C = AB. 

If, as usual, A,, = a)+a,+...+4a,,, and similarly with other letters, 
then 
(10.2.1) C= Dd Gnon= DY Anh, = > ay Bom 

qxp m+n=q Mt+N<p 

We may write this as ¥ @_ Bm», Where Bn» is By. ifm < p and 0 if 
m > p. Since f,,,, is uniformly bounded, and A is absolutely convergent, 
the series } @, Bm,» converges uniformly in p; and so 


Tim > @m Bmp a 2 % lim Bray or BY Gm, = AB. 


We may add that, if A is not absolutely convergent, then there are 
convergent B for which C is divergent. For if C, = a)B,+...+a, By 
tends to a limit whenever B, tends to a limit, then > |a,| < H, by 
Theorem 1. 

THEOREM 162. If A, B, and C are all convergent then C = AB. 

The power series a(x) = } a,2”,... are absolutely convergent for 
0<a <1, and a(x)b(x) = c(x), by Theorem 160. Making x1, it 
follows from Theorem 55 that AB = C. 


10.3. Multiplication of summable series. There are important 
generalizations of the preceding theorems for series summable (C, k). 
The fundamental theorem is Cesaro’s Theorem 164: but we begin with 

THEOREM 163. Jf A, B, and C are all summable (C, k) for some k, then 
C = AB. 

In fact the proof of Theorem 162 shows that C = AB whenever all 
three series are summable (A). 

THEOREM 164. Jf r > —1, s > —1, A ts summable (C,r), and B 
summable (C, s), then C is summable (C,r+s+1), and C = AB. 

We have 

(l—x)-"-§*e(x) = (1—x) a(x). (1—2x)--10(z) 
for |x| < 1, and therefore, in the notation of § 5.4, 
> Coretta = > At gm > Bax". 
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Hence, equating coefficients, 


(10.3.1) Cntetl = At B84 ATBS_s4+...4A” Be. 
Since At~A ea Bw~ B("*"), 
r 8 
it follows from (10.3.1) and Theorem 41 that 
r+st+l p+r+s+l 
Cp ABI r+st+l /’ 


i.e. that C is summable (C,r-+s+1) to AB. 


We can naturally prove (10.3.1) without using power series. Since 


k k p—k k ae 
At= > ( aT Na, BY_4.= (es iu Vom 


r 8 
m=(0 n=0 


the coefficient of a,,b, in the right-hand side of (10.3.1) is 


Dy aaa aaa _ > Gece ies) 
y=m = 

= (eee *) 

= r+s+l : 


by (5.6.10); and this is the corresponding coefficient in Ct,***1. 
In particular, when r = s = 0, (10.3.1) becomes 
Cc} = Ay By+A, Boat wtAy Bo. 


It is easy to verify this directly, and to deduce, without appealing to Theorem 41 
in its general form, that A,,—> A and B,—> B imply C} ~ ABp. It follows that 
C is summable (C, 1), to sum AB, whenever A and B are convergent, and so that, 
if C also is convergent, its sum is necessarily 4B. We thus obtain a simple proof 
of Theorem 162 independent of the theory of power series. 

We add two negative theorems showing that Theorem 164 is a best possible 
theorem of its kind. 


THEOREM 165. The hypotheses of Theorem 164 do not imply that C is summable 
(C,k) for any k less than r+s+1. 


Take p =r-—S,0= 8—6, where 8 is positive and small, and 
am = (—1)™(m+1), by, = (—1)"(n+1). 
Then A and B are summable (C,r) and (C,s), by Theorem 81. But 
T(p+1)l(o+1) 
—])pP = —— Ommy FPN! an ptot+l 
(—1)Pey = E (m1 (pm 1m, EE pore, 


by Theorem 41, and so, after Theorem 46, C is not summable (C, p+o+1), ie. 
(C,r+s+ 1—28). 


THEOREM 166. The result of Theorem 164 is not true for r = —1,8 > —1. 
Take 
Om = (—1)™(m-+ 2)-*{log(m+2)}-*, by = (—1)"(n+2)*{login+ 2)}-8, 
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where a > 0,8 > 0,a+8 < 1. Then A is summable (C, —1) and B is summable 
(C,s). But 


Pp 
—1)%ey = : _ _ (p—m+2) 
(—1)?c, = D, (art BilogtmFa)} flog(p—m-+2)}8 
Li ip ; 
< Toa 2, (nF Hlogtn By > Np§(log p)!~ 2, 


for constant M, N, and large p. Hence c, # o(p*), and C is not summable (C, 8). 


Our next theorem is a generalization of Mertens’s Theorem 161, to 
which it reduces for r = 0. 


THEOREM 167. If r > 0, A ts absolutely convergent, and Bis summable 
(C,r), then C ts summable (C,71). 


Here a(x){(1—a)-*-1b(x)} == (l—z)-*~!c(x), and so 
Ct, = dy Bi -+a, BY_+...+4, Bs. 
We may write this as 
Sa ee 
- ] Cp = > &m Bmp» 
-1 
where Bip = ‘ r) Be oye 


for m < p and Bn» = 0 form > p. Since, form < p, 
—m--r\-1 
aol < (PPT) Bem 


Bm,p is uniformly bounded, so that > a,,8,,, converges uniformly in p. 


Also aa ~ Pr’) for each m, when p — 00, and so 


> Om Binp > > mii Bnp = BY dm = AB. 


THEOREM 168. The result of Theorem 167 1s not true when r < 0. 
Take Gm = (—1)"oms On = (—1)"Bn, Where a, and B, are positive and > a, < 00. 
Then 
lep| = LoemBp—-m > &pBo (p > 9), 


and c, = o(p*) involves a, = 0(p"), which is not, for any negative 7, a consequence 
of the convergence of > a». 


10.4. Another theorem concerning convergence. We now 
consider a group of theorems of which the simplest is 
-.Turorm 169. I f A and B are convergent and 
(10.4.1) Bm = O(m), b,, = O(n-4), 
then C is convergent (and C = AB). 
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In fact A and B are both summable (C, —1-++8), for any positive 8, 
by Theorem 45; and therefore, by Theorem 164, C is summable 
(C, —1+28), and a fortiori convergent. 


THroREM 170. If A and B are convergent; n(x) and {(x) are positive 
and tend to infinity with x; y(z)+U(x) = x; and 
zt x 
(10.4.2) > lan] = O(1), > |d,| = O(1); 
(Z) &(x) 


then C is convergent (and C = AB).t+ 


We suppose that 0 <y < 7,0 <2z<{, and divide the triangle T 
of the (m,n)-plane in which m-+-n < = into regions 7,, T,, T;, T,, T. 
as shown in Fig. 2. We may suppose x, 7, f, y, and z non-integral, 


n 


2 Fra. 2. 
so that there are no lattice points on the lines dividing the regions. 
If A(z),... are the sum-functions of A,..., and %,,... are the sums 
> d4,,5, over T,,..., then 


C(x) = X,+ 2y+ B34 2+ Ys. 
Also x, = > a,, > 6, = A(n)B(L) > AB. 
n<f 


m<yn 


t If y or ¢ does not tend to infinity, then one or other series is absolutely convergent, 
and the theorem is included in Theorem 161. , 
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It is therefore sufficient to prove that + 2,—>0 and 2,+2,;—> 0, 
when y and z are chosen appropriately. 
We choose z so that 


|S b,| <« (ve > v, > 2). 


n=V1 


Then 


w—z2 


z-2 &£-—m z—m x 
IS1=]|> o,> 6] < lanl] & On] <¢ & lanl < Ke, 
m= n=2 m=n n=2 m=n 


for a constant K, by (10.4.2). And 
Zz zn Zz x2—n 
| 221 =| bn S On| <E lbnl] S m| > 0 
n=0 m= n=0 m=n 


when z is fixed and x and 7 tend to infinity. Hence 2,+2,— 0; and 
we can prove that &,+ 2, > 0 similarly. 

When the conditions of Theorem 169 are satisfied, we can take 
7 = ¢ = kd, since 


1 
¥__@ml=O( > =) = 0. 
e<qm<ez iz<m<cz 

There are other interesting special cases. 

THEOREM 171. If A and B are convergent, 

1 
= ~8 = 
(10.4.3) dm = Om) (8>0), ba = (saa) 


then C is convergent. 


We may plainly suppose § < 1. We take 7 = x—2°, { = 2°. Then 


> |@m| = O(a?.2*) = O(1), 
: 


x 2 ] 
8) — - 
> [d,| = of > a PO = O(loglog x—loglog x°) O(1) 


10.5. Further applications of Theorem 170. (1) Theorem 170 enables us to 
prove a ‘one-sided’ extension of Theorem 169. 


THEOREM 172. If a, and b, are real, A and B are convergent, anda, > —Km}, 
b, > —LIn-, with constant K and L, then C is convergent. 


If a and az are the positive and negative a,,, and 


A(z) = > Am» At(z) a > ax A-(x) =. An » 
MRe MRe M<e 
then A(z) = At(x)+A-(2), 


DY lan| = At(x)—A-(x) = A(x)—2A-(2), 
mae 


> |¢m| = A(z)—A(dx)— 2{A-(x)—A“(3)}. 


ee<m<e 
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But A(z) = O(1) and 


A-(z)—A-(#z) = YY ag >—-K DF m4, 
te<mM<e te<m<e 


which is bounded, so that a,, satisfies (10.4.2). The same argument applies to b,, 
and the theorem follows. 
(2) Another application is to the proof of 


THEOREM 173. If A and B are convergent, p > 1,q > 1, and > m?—|a,,|? < ©, 
> n*™1|b,,|* < 00, then C is convergent. 

For if p’ = p/(p—1), and all the summations are over (42, x), then, by Hélder’s 
inequality, 

E ag] = EM |aq|-m-BP" < (Em? ag |?)"9 (S m-4" = (1) 

and similarly > |b,,| = O(1). 

10.6. Alternating series. In this section we prove a more 
elementary theorem concerning series of the familiar alternating type. 

THEOREM 174. If A = >} (—1)™a,, B= > (—1)"B,, where op, and 
B,, are positive and decrease steadily to 0, then, in order that C should be 
convergent, 

(i) tt 1s necessary and sufficient that 
(10.6.1) = Xp By Bp-at---+%p Bo > 9; 

(ii) it a8 eae and sufficient that 
(10.6.2) (ag-+-ay+...+%)B, > 0, (Bo +B +---+By)%p» > 9; 

(iii) it 1s sufficient that > a» B, <0; 

(iv) it is necessary that > (a»B,)'*t® < co for every positive 5. 

(i) If we write 

A= Ant(—l)™p_, B= B,+(—1)"*o,, 
then 0 < py < = 0<o, <8,. Also 
CO, = > Om Bom = BAy+(—1)? ¥ om 6pm = BA,+R,, 

where | B,| < > &mBp-m = Yp: Hence (10.6.1) is sufficient, and it is 
obvious that it is necessary. 

(ii) Next, 

Yo = = (ap+.. fa. Pe = (Bot-. TPp)ep» 
so that the conditions (10.6.2) are eae and 
Yp X (H%p+.-.-+%q) Bg + (Bo+--- + Bq) o%qs 

where q = [4p], so that they are also sufficient. 

(iii) If0 <q <p then 

X%p(Bo+PBi+---+B,) < Oy (Bo+.-. +B) +o Ogi1 Bata t ta oBp = = 8, 1 +83, 
say. If > a,8, < 00, we can choose g so that 8, < « for all p > g; and 
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S,>0 when g is fixed and poo. Hence «,(8)+...+8,) >0, and 
similarly 8,,(%9+-...-«,) > 0. Thus the condition is sufficient. That it 
is not necessary is shown by the example in which a, = 8, = (nlogn)-+ 
for n > 2: in this case y, > 0, so that C is convergent. 

(iv) Finally, (ap +O +...+ Oy )Byp 2S Poy By. 

If C is convergent, then the left-hand side tends to 0, by (ii), and so 
dy 8, = 0(p-"). Hence > (a, B,)!*® < oo. The example 

et, = B, a (n+1)-# 
shows that the condition is not sufficient. 

10.7. Formal multiplication. We have assumed in all of the 
preceding theorems that both A and B are convergent or summable. 
There is another type of theorem, particularly important in the theory 
of trigonometrical series, in which one series, say A, is almost arbitrary, 
while the other is severely restricted. The conclusion is then that C, 


behaves ‘very much like’ BA,. 
If 


(10.7.1) C,—BA, > 0 


when p oo, then we shall say that C is equi-convergent with B(A). 


In this case, if A is convergent or summable, then so is C (with sum 
AB). 


THEOREM 175. If a,, = 0(1), > n|b,| < 00, then C is equi-convergent 
with B(A). 


We use as a lemma 
Tuxrorem 176. If a,, = 0(1), ¥ |p,| < 00, then 

Oy = Uy Pp ty Pp-1+--- +p Py = (1). 
This is trivial; for we can choose P so that 


l@n| <¢€ (m > $P), > |Pnl <<, 
n>tP 


Joy] < Max || ¥ [pgl-+ Max [ap] 3 |py! < e(Max|an|+ 5 Ipal) 
m<tp ip ip<m<p 0 
for p > P. | 
To deduce Theorem 175, we write B = B,+-8,, so that 
Cy = A Bi +a, By1+...+G, By = BA,—d)B,—...—Gy Bo; 
where 


By =X On, Bol < J lanl, = DIB SD DY JOn| = Y mld, |. 
2>p n>p p n>p 
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Then, after Theorem 176, 


AP, +4; By4+... +p By > 0, C,— BA, > 0. 
It is plain that if a,, and 6b, are functions of a variable x, a,,—> 0 
uniformly, and 5 n/6,| is uniformly convergent, then C,—BA,—> 0 
uniformly. 


There are generalizations of Theorem 175 for (C,’) summability, a little more 
complex in form. We leave it to the reader to prove 


THEOREM 177. If ay, = 0(m), > n4{b,| < 00, then 
Ci— BAlL+ BtA, = o(p), 
where B* = ¥nb,. If also Am = 0(m), and in particular if dy = 0(1), then 
CL—BAj, = o(p), i.e. C and B(A) are equi-summable (C, 1). 


10.8. Multiplication of integrals. We now state the theorems for 
integrals which correspond to the more important of Theorems 160-70. 
The proofs follow the same lines and we do not give details, noting 
only the points where there are material differences. These arise from 
the absence of any ‘limitation theorem’ corresponding to Theorem 46. 
In particular, the convergence of A = { a(x) dx does not imply the 
convergence of { e-8|a(x)| da for positive 5. 

We define C by C = f c(x) dx, where 


(10.8.1) c(a) = J a(t)b(x—t) dt = f a(ax—t)b(t) dt 


(with the convention of § 5.6 concerning limits). 


THEOREM 178. If A and Bare absolutely convergent then C is absolutely 
convergent, and C = AB. 


THEOREM 179. If A is absolutely convergent and B is convergent, then 
C is convergent, and C = AB. 


THEOREM 180. If all three integrals are convergent, then C = AB. 


THEOREM 181. If r > —1, s > —1, A is summable (C,r), and B 
summable (C, s), then C ts summable (C,r+s+1), and C = AB. 


THEOREM 182. Ifr > 0, A is absolutely convergent, and B is summable 
(C,r), then C is summable (C,r), and C = AB. 


THEOREM 183. If A and Bare convergent, n and ¢ satisfy the conditions 
of Theorem 170, and 


(10.8.2) flee) dt = O(1), fee dt = O(1), 
qn 


then C is convergent, and C = AB. 
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We need only add the following remarks. 
(i) We must deduce Theorem 180 from Theorem 181 with r = s = 0, and not 


attempt to imitate the argument of § 10.2. 
(ii) The proof of Theorem 181 depends on the identity 


(10.8.3) Cray) = f A,(¢)B,(x—2) de, 
where, for example, 


1 fT, . 


and that of Theorem 182 on 
(10.8.4) C.(x) = J a(t)B,(a—t) dt. 


To prove (10.8.3) we observe that 

x x t a—t 

[ AoBie—0 dt = roqurecn | # { ame du | b(v)(x—t—v)* dv. 

0 0 8600 0 
Here O<u<t<2,0<v < x—t < x. When wu and v are fixed, ¢ runs from 
u to x—v: when w is fixed, v runs from 0 to z—u. Hence the triple integral is 


C—U t—v 


1 
|. a(u) du b(v) dv (t—u)"(a—t—v)* dt 
rernrern | i J 


= POSSE j a(u) du | (w—u—v)"t8+1b(v) dv 
0 0 
1 z td 

= rerere | 0) du | (2—wytH6(w—u) dw 


= rates { & w)rtstt te [ae u) du = C,45,3(2). 


When r > 0,8 > 0, the argument is valid, by Fubini’s theorem, for all integrable 
a(x) and b(x). If a(x) and b(x) are bounded in every finite interval (0, X), it is 
valid for r > —1, 8 > —1: in other cases some reservations are needed.f 

The proof of (10.8.4) is similar but a little simpler. 


10.9. Euler summability. We must now consider the problem of 
multiplication for series summable by Euler’s and Borel’s methods. 
We recall the definition of summability (E,q): if, for small x and y, 


f(«) = > a, gant — >a (4 vy a _ > aD{(g-+- 1)y}"+4, 


and.> a{? = A, then >a, is summable (E,g) to sum A. We have to 
add a further definition: if > a is summable (C, 4%), then we say that 
> a, is summable (E,q; C, k). 

7 Compare the note on §§ 5.14-15. 


10.9] MULTIPLICATION OF SERIES 237 
THEOREM 184. If > a,, = A (E,q), > 6, = B(E,q), then 
Yc, = AB (E,q; C,1). 
If 
fle) = Lat imryn, — g(x) = YOM 1)yHy™4, 
h(x) = Y oP(qt+1yery, 
then the series are absolutely convergent for small x and y, and 
S(x)g(x) = xh(x). Hence 
L Pg 1yPy” = (G+1)(1—ay) ¥ (q+ my" ¥ HW(Q-+1)"y", 
(10.9.1) > &@¥P = (¢+1) > aPY™ SF LY"—gY ¥ a@Y™ SF OY, 
where Y = (¢q+1)y. It follows that 
= (G+1) XS ag Fao = +1)G,—dG, 1, 
m+n=p 1 


m+n=p— 
say (with G_,—0). Since Da?) = A, > 0 = B, it follows from 
Theorem 164 that > G, = AB (C,1), and from Theorem 47 that 
Y G1 = 0+G,+... = AB (C,)). 
Hence > c@ = (q+1—q)AB = AB (C, 1). 


It is plain that, if we use Mertens’s theorem instead of Cesaro’s, we 
obtain 


THEOREM 185. If >} a, = A (|E,q)), .e. if > a converges absolutely 
to A, and > b, = B(E,q), then > c, = AB (E,9q). 

On the other hand, if we suppose A, B, C all summable (E,q), and 
make Y -> 1 in (10.9.1), we obtain C = } ci) = AB, and so 


THEOREM 186. Jf A, B, C are all summable (E,q), then C = AB. 


10.10. Borel summability. The facts concerning Borel summa- 
bility are a little more complex, since there are two definitions, and 
since the series @)+-a,+... and a,+a,-+... need not behave similarly. 
We state our results in terms of the integral definition, leaving the 
variants for the exponential definition to the reader. 

If Borel’s integral is summable (C,k), in the sense of § 5.14, we say 
that > a, is summable (B’; C,k). We begin by proving that 


(10.10.1) ayta,+a,+... =A (B’; Ch) 
implies 
(10.10.2) a,+a,-+a3+... = A—a, (B’; C,k+1). 
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In fact, if a(t) = > an " , then 


rr! 


(10.10.3) 


f ( Fe atat +--] du = | ( — 5) ea’) du 
= —ay+ j (:—s)"" e-“a(u) Fe ms +1 (1—$)'« e-“a(u) du. 


. 0 
Also (10.10.1) implies 

Qyp+a,+a,+... = A (B’; C,k+1). 
Hence the second term on the right of (10.10.3) tends to A, while the 


last term is O(t-1); and (10.10.2) follows. 
We can now prove 


THEOREM 187. If > a,, and > 6, are summable (B’) to A and B, then 


(10.10.4) O+¢e,+c,+¢,+... = AB (B’; C,1) 
and 
(10.10.5) Coteyt+co+... = AB (B’; C, 2). 


By Theorem 181, with r= s = 0, 
eo x co Zz 
feede f a(\o(e—t) dt = f de f erat) .c-=¥6(e—1) a — AB(C,)). 
0 0 0 


The inner integral on the left is 


> an freo dt = ee = > oa oT 


Dp 
Hence { gre > ori = AB (C,}), 


which is (10.10.4); and (10.10.5) is now a corollary. 

It is plain that, using Theorems 179 and 180, respectively, instead of 
Theorem 181, we can prove the following two theorems. 

THEOREM 188. If (in addition to the hypotheses of Theorem 187) 
f e+\a(t)| dt <0 (i.e. if A ts absolutely summable), then 


O+c¢)+c,+... = AB (B’), Cotey+eo+... = AB (B’; C,1). 


THEOREM 189. If > a,,, > 6,, and > c, are all summable (B’), then 
C= AB. 


10.11] MULTIPLICATION OF SERIES 239 


10.11. Dirichlet multiplication. Suppose that A, >0, py, > 0, 
and that the sequences (A,,) and (u,) increase strictly to oo; that (v,) 
is the sequence (A,,-++,,) arranged in ascending order, equal sums A,,-++-}4n 
being regarded as giving one v,; and that 

Cp = aim ~y™ bn. 

Then we call C = }'c, the general Dirichlet product of A and B. If 
Amn = ™, py, =n, then the rule reduces to Cauchy’s; if A,, = logm, 
Hy, = logn, to the rule defined by (10.1.3), which has many applications 
in the theory of numbers. The general theory of Dirichlet multiplica- 
tion demands a detailed study of Riesz’s ‘typical means’ defined in 
§ 4.16. We confine ourselves here to the generalization of Mertens’s 
theorem. 


THEOREM 190. If A is absolutely convergent and B convergent, then the 
general Dirichlet product C of A and B is convergent, and C = AB. 


— For 

Cp= da, = a,b, = a b, = a, By, 
P Px Ant tin<vp a mcd . een mon 

where N = N(m,p) is the largest n for which p,, < vp—A,,} i.e. 


(10.11.1) Cp = > On Brn, ps 
where Bmp = > om Om<vp), 90 (An > vp). 
bn<vP—Ag 
Then £,, p is uniformly bounded, (10.11.1) uniformly convergent, and 
Cp> >a, lim 8, p = BY a, = AB. 


10.12. Series infinite in both directions. We end this chapter 
with a short discussion of the multiplication problem for series infinite 
in both directions. The problem is a good deal more difficult than the 
problem for ordinary series, since the general term of the product series 
is usually itself an infinite series. We shall have to consider two different 
definitions of the sum of a series over (—00, 00), and two different rules 
- for multiplication. We shall find it convenient to vary our conventions 
concerning sums written without limits. A sum > a, without limits will 
run over all integral n, and we shall write $+ a, and >~ a, for sums over 
positive and negative n, so that 


DY Gn = Ut Yt a,+ > ae, 
when the series are convergent. 
If 


10.12.1 Any = a A 
( nN _wonen n 
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when WN and N’ tend to 00 independently, then we shall say that A is 
unrestrictedly convergent. In this case the series }+a, and >- a, 
converge separately, and a, —> 0 when |n| > 00. 

If 
when WN ->00, we shall say that A is restrictedly convergent. In this 
case + (a,,+a_,) is convergent, and a,,+-4@_, > 0; but there is no limita- 
tion on the order of a,, and a_, separately. 

We define the product of two series A and B in one or other of two 
ways. 

(1) Laurent multiplication. The formal product of two Laurent series 

A(x) = > a,,2", B(x) = > 6, x”, 
arranged in powers of 2, is 
C(x) = > ¢,2?, 

where 


(10.12.3) Co = LY Anby = F Omop-m = Y Gn On-t 
m+n=p : 
The rule for Laurent multiplication of A and B is obtained by putting 
2 = 1, so that Cis } c,. 
(2) Fourier multiplication. There is another rule which is particularly 


adapted for restrictedly convergent series (and which we shall use only 
for such series). If we write 


A(9) = >4,,cos m0 = $a9+ > + a, 608 m8, 


10.12.4 

( ) B(6) = Db, cosn8 = 48o+ D+ 8, cosnd, 
where 
(10.12.5) On = Omttm By = Ont+d-n 


(so that a9 = 2d, By = 2p, and «,, and 8, are even), multiply A(#) and 
B(6) formally, and use the addition formulae for cosines, we obtain 


(10.12.6) C(6) = Sc, cos pO = tyo+ D+ yp cos p), 
where Cp =4 DY 45,5 
min=p 
(10.12.7) 
Yo 2¢y = need bn» Yp = CytC-p = 4 acpnol™ b, (p > 0). 


Thus y, is the sum of the products a,,b, on the two lines m+n = 0, 


+ These are sums over (—00, 0): we do not use the convention of § 5.4 here. 
¢ It would be equally natural to define c, with min = —p, but we shall always 
associate c, with c_». 
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and y,, for p > 0, is half the sum of the products on the four lines 


mtin+p = 0, the points of intersection of these lines being in either 
case counted twice. 


The rule for Fourier multiplication is obtained by putting 6 = 0 in 
A(6), B(6), and C(@). Thus 


(10.12.8) A = fapt St+om, B= 4BBot S+B,, C= byt Dt ps 


where 
(10.12.9) 


Yp = $098, +4 D+ om(Bm—p+Bn+p) Ss $Bo% +4 >* BrlOn—p+ n+p)» 


and in particular 
(10.12.10) Yo = $e9Bot+ D* Om Bn: 


Our work so far is formal. Whichever definition we adopt, c,, Or yp, 
is defined by infinite series which need not converge. For example, if 


dy = by = 0,7 An, = 6, = (—1)™|m|-*  (m F 0), 
then the definition (10.12.3) gives 


| Cp = (—1)? D’ |m|-#|p—m|4 
(where the dash implies omission of the terms m = 0 and m = p), and 
the series diverges for every p. 


10.13. The analogues of Cauchy’s and Mertens’s theorems. 
It is plain that Cauchy’s theorem for two absolutely convergent series 
stands unchanged, for either rule of multiplication, and we need only 
consider the analogue of Mertens’s theorem. Here we must distinguish 
between the two rules. 


THEOREM 191. If A is absolutely, and B unrestrictedly, convergent, then 
the Laurent product C 1s unrestrictedly convergent, and C = AB. 


It is plain first, since A is absolutely convergent and b,, bounded, that 
the series for every c, is (absolutely) convergent. Also 


P P 
C = C, = a,b 
nie pee a oP mith poor 


© P-—m 
oe > am = b, = > Om Bm,P,P’s 
m=—-o n=—P’-m 
say. Since B,, pp is uniformly bounded, this series is uniformly con- 
vergent, and 

Cpp >> a,limB, pp = B>a, = AB. 


4780 R 
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The theorem becomes false if ‘unrestrictedly’ is replaced by ‘restrictedly’ in 
hypothesis and conclusion: the hypotheses do not then involve even the existence 
of c,. Thus, if 


Om =0(m<0), dy, = m= (m>0), bb = 0, bg = —b_, = 2" (n > 0), 
then A converges absolutely to $7? and B converges restrictedly to 0, but 
Co = — Dt n-722" = —o. 
The corresponding theorem for restrictedly convergent series is 


THEOREM 192. If A is absolutely convergent and B restrictedly con- 
vergent, then the Fourier product C of A and Bis convergent,and C = AB. 


In this case 
P P 
(10.13.1) Cs = 2% = dy)+ 2 Vp = #22 Om Ons 


where D is the infinite cross defined by |m-+-n| < P, and products 
corresponding to points of the square |m|-+-|n| < P are counted twice. 
Now, if 

Un = $m) y= 3B ns U= > Um» V= > Uns 
then U is absolutely and V unrestrictedly convergent, so that, by 


Theorem 191, their Laurent product W = > w, is (unrestrictedly) con- 
vergent, and W = UV. Also 


P 

10.13.2 = = = ’ 
(10.13.2) Wp = Sy = SF tine = EYE (Onto pOn tO) 
and a moment’s consideration shows that Cp = Wp. Hence 


Cp-> UV = AB. 


10.14. Further theorems. There is a theorem for Laurent multi- 
plication corresponding to Theorem 175, viz. 


THEOREM 193. If a, = 0(1) when |n| +00, and > |nb,,| <0, then 
Cpp—BApp—>0. In particular, if A is unrestrictedly (restrictedly) 
convergent, then C converges unrestrictedly (restrictedly) to AB, 


and a similar theorem for Fourier multiplication of restrictedly con- 
vergent series, which we leave to the reader. 

The analogue of Theorem 169 requires more careful consideration. 
The most satisfactory statement is in terms of Fourier multiplication. 


THEOREM 194. Jf a,, = O(|m|—4), B, = O(|n|-1), and A and B are 
restrictedly convergent, then the Fourier product of A and B converges to 
AB. 
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First, after (10.12.9), y, is the sum of two series of the type 


> of 1 1 ) 
|m|+1 |m—p|+1 

These are absolutely convergent, and their sums tend to 0 when p -> 00. 
Next, after (10.13.1) and (10.13.2), 


Cp = £m pomPn = 17,+7,+ 7), 
where 7}, T;, T, extend over the ranges D,, D,, D3 defined by 
|jm|+|n]| <P; |m+n| <P,m—n>P; |m+n| < P,m—n<—P 
respectively. Now 17, = > Om Bns 
1 


where D; is the positive quarter of D,; terms on the axes are multiplied 

by 4, and agBy by }. This sum is the partial sum of the Cauchy pro- 

duct of ja9+ Sta, and $8,+ d+ f,, and hence, by Theorem 169, 

+7, > AB. It is therefore sufficient to prove that 7, and 7, tend to 0. 
We take 7. We have 


P m—P-1 Es) P-—m 
T, = > Xm > B+ Dy Om > By 
m=1 n=—P-—m m=P+1 n=-P-—m 
P P+m 2) m+tP 
= a Bat > Lm » By = VAM, 
m=1l n=P-—m+l1 m=P+1 n=m—-P 


say. First 
8sP P= P Pim me i is) 
h=(24+ D4 Jon > Ba = VPTVP+V. 
=1 oP P-7 n=P-m+1 


Here 0 <6 < } and 7 is large enough to make 


|S Pal << 


for n, > > 7; we also suppose that 5P and 7 are not integers and 
that 8P < P—7n. Then 


dP Pim SP 
| 1 1 ™m 
yo — o( oe aa} = o ae — 0(8) 
DD aa Zin P 

; rt l 

uniformly in P; V@) — of > =} = oft log 5) 
CS) 

uniformly in P; and 7 


P 
1 
ye) — Sa ee Oley: 
: of > m+ 5) (3) 
P-y 
We can make V{ and V2) as small as we please by choice of 5, Z, and n; 
and V9) -> 0 when 3, £, and » are fixed. Hence VY, 0. 
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The discussion of V, is similar. We write 
a(S" +3 + S)om "> Pa = VPLVP +P, 
m=P+1 lee 
where A > 2. Here 


re = (3 arr, >. at)? 2a) ~ CG) 


rN 
uniformly in P; and V and V{) may be treated like V{) and Vi?) 
respectively. Hence V, > 0; 


P+ 


and this completes the proof. 

It is plain after § 10.12 that there is a corresponding theorem for Laurent 
products, viz.: if dq = O(|m|-), bg = O(|n|-!), and A and B are unrestrictedly 
convergent, then the Laurent product C of A and B converges restrictedly to AB. 
This assertion becomes false if either ‘unrestrictedly’ or ‘restrictedly’ stands in 
both hypotheses and conclusion. If 

= (m-+-2)-flog(m+2)}-*, = (2—n)--4flog(2—n)}-?, 
wherec > 0,0<p<34,m>0,n< et are 0 when m < 0,7 > 0, 
then the hypotheses are Lee with ‘ unrestrictedly’, but |Cp.o| > H(log P)-*, 
so that C is not unrestrictedly convergent. If ay = by = 0, a, = b», = m~ for 
m +0, then the hypotheses are satisfied with ‘restrictedly’, and A = B = 0; 
but cy = —4}7* and cy = c_, = —2/p* for p + 0, so that C converges (absolutely) 
to —7? ~ AB. 

There is also a theorem corresponding to Theorem 173, viz. 

THEOREM 195. If A and B are restrictedly convergent, 

p>, g>1, Y|mlPlan|? <0, — & |n|t|b,|* < o, 
then the Fourier product C converges to AB. 

We leave the proof to the reader. 


10.15. The analogue of Abel’s theorem. It is natural to ask 
whether there is an analogue of Abel’s Theorem 162, i.e. 
(1) whether the unrestricted convergence of A, B, and their Laurent 
product C necessarily imply C = AB;f 
(2) whether the restricted convergence of A and B, and the con- 
vergence of their Fourier product C implies C = AB. 
Miss S. M. Edmonds, however, has constructed an example which 
shows that the answer to both anes is negative.t In this 


Qn = m*sinavm (m > 0), =0 (m<0) b,=—4@_,, 
t The second example of § 10.14 shows that, when A and B are only restrictedly 
convergent, their Laurent product C may converge, even absolutely, to a sum different 
from AB. 
{ Miss Edmonds considers only Laurent products, but the assertion about Fourier 
products is a simple corollary. 
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so that A = B = >'+ m-*sinvm; the Laurent product converges to 
A?.+-2 and the Fourier product to A?-++1. 


There is no very simple analogue of Cesaro’s theorem, even when 
r=s=0. 

NOTES ON CHAPTER X 

§ 10.2. Theorem 160 was first stated explicitly and proved satisfactorily by 
Cauchy, l.c. under § 1.1, 147. 

Theorem 161 was proved by Mertens, JM, 79 (1875), 182-4. The negative 
remark which follows the proof is due to Schur (l.c. under § 3.2). I have stated 
the proof in a way suggested to me by Miss S. M. Edmonds, and arranged the 
proofs of Theorems 167, 190, and 191 on similar lines. 

Theorem 162 is contained in Abel’s memoir on the binomial theorem, JM, 1 
(1826), 311-39 (317-18) [Gwvres (1), ed. 2 (1881), 219-50 (226)]. 

§ 10.3. Cesaro, BSM (2), 14 (1890), 114-20, proved Theorem 164 for integral 
rand s. The extension was made independently by Knopp and Chapman (lc. 
under § 5.5.). 

Theorem 167 was proved, for integral r, by Hardy and Littlewood, PLMS (2) 
11 (1912), 411-78 (Theorem 35), and for general r by Hardy and Riesz, 65 (where 
it is extended to Dirichlet multiplication). The theorem for integral r is included 
in a more general theorem published a little before by Fekete, MT'E, 29 (1911), 
719-26, to the effect that if r and s are integers, A is absolutely summable (C,r) 
and B summable (C,s), then C is summable (C,r+s). This in its turn was 
extended to general r and s by Kogbetliantz, BSM (2), 49 (1925), 234-56: see 
also Winn, PEMS (2), 3 (1933), 173-8. For the notion of absolute summability 
see the note on §§ 6.5-6. 

§ 10.4. Theorem 169 was first proved by Hardy, PEMS (2), 6 (1908), 410-23, 
and has since been generalized, and the proof simplified, by a number of writers. 

Theorem 170 is due to Neder, ibid., 23 (1923), 172-84 (except that Neder has 
n = ¢ = 32). The proof here follows Hardy, PCPS, 40 (1944), 251-2. Inter- 
mediate theorems, and generalizations in various directions, will be found in 

Hardy, PEMS (2), 10 (1912), 396-405, and JLMS, 2 (1927), 169-71; 

Rosenblatt, BAP (1913), 603-31, and DMV, 23 (1914), 80-4; Landau, DMV, 

29 (1920), 238; 

Broderick, PLMS (2), 19 (1921), 57-74, and 22 (1923), 468-82. 

Some of the generalizations in these papers concern Dirichlet multiplication 
(§ 10.11). 

In the first of his two papers Rosenblatt proves that if r > 0, s > 0, A is 

summable (C,7) and B summable (C, s), and 

Ary! = O(m'—), Bs-1 = O(n*), 

then C is summable (C,r-+<s). This result reduces to that of Theorem 169 when 
r = 8 = 0 and we interpret A) and B;1as a, and b,. But this (as is suggested 
by the proof of Theorem 169 in the text) is not the best result. For A, being 
bounded (C,r—1) and summable (C,r), is summable (C,r—1-+8), by Theorem 
70; and similarly B is summable (C,s—1-+8). Hence, by Theorem 164, C is 
summable (C,r-+s— 1+ 28), ie. by all means of order greater than r-+e— Il. 

Hardy and Littlewood, I.c. under § 10.3 (464—6), show that if « and B are any 
numbers less than 1, there are convergent series A and B, with a,, = O(m-*), 
by, = O(n-*), whose product is divergent. 
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§ 10.5. Theorem 173 (with the generalization to Dirichlet multiplication) is 
proved by Hardy and Littlewood, MM, 43 (1914), 134-47 (137). 

§ 10.6. Pringsheim, MA, 21 (1883), 327-78 (360-71). The proof here, which 
is simpler than Pringsheim’s, was given by Hardy in the first paper quoted under 
§ 10.4. See also Bromwich, 94-5. 

§ 10.7. Theorems of this kind were first considered by Rajchmann, Comptes 
rendus Soc. Sc. de Varsovie, 11 (1918), 115-52: see Zygmund, MZ, 24 (1926), 
47-104 (especially 48-65). We have sharpened the conditions. Rajchmann and 
Zygmund consider series infinite in both directions: see § 10.14. 

§ 10.8. Bohr, Oversigt over det Kongelige Danske Videnskabernes Selskabs 
Forhandlinger (1908), 213-32, proved Theorems 178, 179, and 180, and the case 
r = 8=0 of Theorem 181. Chapman, l.c. under § 5.5, proved Theorem 181 
generally. 

§ 10.9. Knopp, MZ, 18 (1928), 125-56 (130-1), proves a theorem which, when 
combined with his theorems of § 8.3, gives the substance of the theorems here. 

§ 10.10. Borel, 131-5, proves that the product of two series absolutely sum- 
mable in his sense (i.e. regularly summable in the sense of § 8.6) is absolutely 
summable. Hardy, QJM, 35 (1903), 22-66, proves Theorem 189 and a part of 
Theorem 188, viz. that C is summable if A is absolutely summable in Borel’s sense. 

Theorem 187 is due in substance to Doetsch, Dissertation, Géttingen, 1920. 
Doetsch works in terms of the exponential definition, saying that A is summable 
(B, k) if e~*A(x) > A (C,k), and proves 

¥ Gn = A (Br). > 6, = B(B,8) —> Sc, = AB(B,r+s+1). 
In particular the summability (B) of A and B implies the summability (B, 1) of 
C. It is easy to prove that the assertions 
Ag+a,+... = A (B,1), a,+a,+... = A—a, (B’; C,1) 
are equivalent, and to deduce that Theorem 187 is equivalent to the case 
r = s = 0 of Doetsch’s theorem. 

Sannia, RP, 42 (1917), 303-22, generalizes the definitions differently, but his 
conclusions concerning multiplication are incorrect. 

§ 10.11. Theorem 190 is due to Stieltjes, NA (3), 6 (1887), 210-15. Many 
examples of the use of the theorem will be found in Landau, Handbuch, 673 et seq., 
and in Ramanujan, T'OPS, 22 (1918), 259-76 (Collected papers, no. 21). 

For fuller information concerning Dirichlet multiplication see Hardy and Riesz, 
ch. 8; Landau, RP, 24 (1907), 81-160, and Handbuch, 750-67; and the papers 
quoted in the note on § 10.4. 

A particularly striking theorem is that when A, = logm, i, = logn, vp = logp, 
the convergence of A and B implies that of > p-*c,. This was stated without 
proof by Stieltjes, and proved by Landau, l.c. supra. Landau, RP, 26 (1908), 
169-302 (265-6), proved that > p~*c, is not necessarily convergent for all positive 
s,and Bohr, WS, 119 (1910), 1391-7, that the index 4 cannot be replaced by any 
smaller number. 

§§ 10.12-13. The problem was considered first by Chapman, QJM, 44 (1913), 
219-33 (for Laurent multiplication). He proves Theorem 191. 

§ 10.14. The first theorems of the type of Theorem 193 were those of Rajchmann 
and Zygmund: see the note on § 10.7. The other theorems of this section are 
referred to by 8S. M. Edmonds, l.c. infra, but have not been published before. 

§ 10.15. S. M. Edmonds, JLMS, 17 (1942), 65-70. 


XI 
HAUSDORFF MEANS 


11.1. The transformation 8. In this chapter we shall be concerned 
with a class of transformations which includes a number of those studied 
in earlier chapters, and in particular those of Cesaro, Hélder, and Euler. 
The theory depends upon the properties of the special transformation 


— m 
(11.1.1) t, = A™s, = > (—0( 
n=0 

We shall denote this transformation by 
(11.1.2) t = $s, 
and the matrix 

1 Oo 0 

1 —l 

11.1. 

(11.1.3) e 


associated with it by |8|. 
THEOREM 196. 8 is its own reciprocal : if t = 88, then s = 8b. 


Thus 55 = I, where I is the identity t,, = 8. 
For, if t,, is defined by (11.1.1), then 


amy = > (a(t = > (ar) S —ar(*)s, 
pa S 


2 c 
= Dir d "(7 () = Dar (f)o > re) 
= Zila ol") — 

we ()=()E) wercnen 


and the inner sum in the last line is 1 if » = m and 0 otherwise. 
It follows from the formulae of § 1.3 (4){ that if 


c= aes y= -7> 8(z) = > $0", t(x) = > fn 2", 


then (l—2x)s(x) = t(y). 


t Symbolically, ¢, = (1—Z)"s, A™t) = {1-(1—E)}™s, = Hs, = ay. 
¢ Changing the sign of z and replacing a, and b, by (—1)%s, and ty. 


248 HAUSDORFF MEANS [Chap. XI 


Theorem 196 shows that this implies (1—2)t(x) — s(y), a8 may be veri- 
fied directly. We have also seen in § 9.6 that if 


a 


then e-*S(x) = T(—zx), and Theorem 196 shows that this is equivalent 
to e-*T'(x) = S(—zx) (as again may be verified directly). 


11.2. Expression of the (E,q) and (C, 1) transformations in 
terms of 5. The (E, q) mean of s,, was defined by 


1 Ss f[m 
L, = -—————— mak! 
m Tara Sn» 
and (8.3.5) shows that 
A"ty = (q+1)-"A"Sp. 
Hence, if we write A"s) = u,, A"ty = v,, and denote the diagonal trans- 
formation t,,, = pm 8m by u, then we have t = 8v, v = pu, u = 8s, and so 


(11.2.1) t= ds, 
where ; 

(11.2.2) A = 86, 
(11.2.3) Pn = (q+1)-". 


Next, if t,, is the (C, 1) mean of s,, so that 


1 m 
t =—=—_ -—- ? 
mm m+1 > 


n=0 
n . 1 k n 
then A, = S (te > 8, = > $18}, 
. k=0 1=0 1=0 
< n\ 1 
where $; = > me 


k= 
But this sum, written from | = n downwards, is 


(—1)" nm\n+1 . ([n\n+1 = at -("T’) (S)--4 
n+1 (-()+C)-5—--| ~ n+l : 1]t\ 2 ( 
the series being continued for n—I-+-1 terms; and hence 
_ (—1} (n 
6 SH) 


+ The sum of the first p coefficients in the expansion of (1—2)"t! is the pth coefficient 
in that of (l—2z)*". 
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Thus Ay = 5 aD (— (7 a= es yo" oa 


and it follows again that the transformation can be expressed in the 
form (11.2.2), with 


(11.2.4) [in == (W+1)-2, 


11.3. Hausdorff’s general transformation. We call the trans- 
formation 


(11.3.1) t = (8u3)s = As, 


where p is any diagonal transformation, a Hausdorff or § transforma- 
tion, and its matrix an § matrix. Thus the (E,q) and (C,1) trans- 
formations are § transformations. We shall use §, or (§,) for the 
transformation, || or |, u| for its matrix. 

If § = dp85, §’ = by’d, then 
HH! = 8u8dp'S = dyp’d = 8u'ud = $'§. 
Thus . 


THEOREM 197. Any two § transformations are commutable. 


Conversely, suppose that y = 6y8 is a given § transformation; that 
the numbers p,, are all different; and that A is any transformation com- 
mutable with y. If w = 848, then A = 8m. Also » = Syd. Hence 

wp = bAddy5 = SAyd, por = byd6A5 = ByA8; 
and Ay = yA, by hypothesis, so that 
(11.3.2) Wy == pw. 
If ow is bn = > CmnSn 
then (11.3.2) implies 
2X mn bn Sn = bm & Cmn én 


for all s,; and since p,, # u, when m # n, this implies that c,,,, = 0 
when m 4 n. Hence w is a diagonal transformation, and A = 5w9 is an 
§ transformation. 

The condition on y is satisfied by the (C, 1) transformation. Hence 


THEOREM 198. The class of $ transformations is that of transformations 
commutable with the (C, 1) transformation (or any other $ transformation 
all of whose y,, differ). 
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It is easy to determine the coefficients in any § transformation in 
terms of its y,. For, using u, and v, as in §11.2, we have t = 8, i.e. 


m= (I he A"t, = > (—1)" (") pi, A%8, 
=> owlt Jn > (—0(*)s, =D, tno’ 


p=0 


where 


we = ap Sar") (aa = a9) Say (O—P 


n= n= 
=(" PX Nala 1 tvs = ("APH 


and so, writing 7 again for p, 


S. [m 
tin = > (") RO Be 


n=0 
THEOREM 199. The general § transformation is 
(11.3.3) tm = ¥ Amn Sn 


where 


(11.3.4) Ana = (n)a"— (n <™m), 0 (n>m). 


We shall write 


(11.3.5) Lap = AP iy, 
so that 
m 
(11.3.6) Ann a (7) nam (O<n<m). 


11.4. The general Hélder and Cesaro transformations as § 
transformations. We denote the (H, &) and (C, &) transformations by 
H® and C), as in §5.9, and write H and C for H® and C®: H® is so far 
defined for k = 0, 1, 2,... only, and H™ = H*, i.e. the result of k repeti- 
tions of H. 

If A = 8y8, A’ = dy'd then 


MN’ = Gysdy’d = Sup 'd. 
It follows that H™ is the § transformation corresponding to 


= (n+1)--, 
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On the other hand, it is not obvious that C™ is an § transformation, 
even when k is an integer. We proceed to show that it is one, and to 
determine the corresponding Ln: 


In this case 
+ a — = 
tin -("; ‘) pa ae aes ‘ 


EPG) RPE a= 2 toate 


q=0 
where 


ten Some OE 


= S T(p—q+k) 
= Int) D (rape Pe—a FP @ TERY 
SO eee ie ea 
T(n—qt DP (n+k+ 1) Un—g+k—1) 
4 OaNn—a— abbot 1) | 
1.2(n—q-+k—l)(n—q+k—2) 
Pin—gtk) —_ M—n-tg—k+ P+) 
Pgh) M(—kFIr +h) 


ot) 
won amen (EY Smle= CP) a 


and the transformation is an § transformation with 
n+k\-1 
Hn=( 7] - 
Thus 


THEOREM 200. The Hand C™ transformations are § transformations, 
with 


7 1 _ [n+k\ 
(11.4.1) re a i 


= (—1)Pki(n+1) 5 7 


= (—1)"kT (n+) 


+ By Gauss’s formula for the sum of the hypergeometric series F(«,B;y;1), and the 
equation I'(z)I'(1—2) = mcosec xn. It is convenient to suppose k non-integral in making 
the calculations. 

} This is (9.6.9): the proof there was less direct. 
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Theorem 200 has been proved for all & for which we have defined the 
Holder and Cesaro means, i.e. for k = 0, 1, 2,... in the first case and 
k > —1 in the second. It leads us naturally to define H™, for non- 
integral k, as the § transformation with yp, = (n-+1)-*. We shall see 
later ($11.11) that the two systems of means are then equivalent for 
all k > —1. 


11.5. Conditions for the regularity of a real Hausdorff trans- 
formation. In order that the transformation 
(11.5.1) tm = > Cin Sn 
should be regular, it is necessary and sufficient, after Theorem 2, 
(1) that 


(11.5.2) Yn = 2 lCnnl < K, 
where K is independent of m; (2) that 
(11.5.3) Cmn > 0 

for every n, when m > co; and (3) that 
(11.5.4) Cm = 2 Cmn —> 1 


when m->co. We have now to interpret these conditions, for an § 
transformation, in terms of p,,. We suppose p,, real. 

If s, = 1 for all n, then u, = A"sy and v, = p,U, are 1 and po 
respectively for n = 0 and 0 for n > 0, so that t, = A"v) = py for all n. 
Hence 


(11.5.5) S (7) mn = Ho 


n 
n=0 
(as may, of course, be verified directly),+ and (11.5.4) reduces to 


(11.5.6) lg = 1. 
Thus the conditions (11.5.2), (11.5.3), and (11.5.4) are 
— (m 
(11.5.7) M,= > (7) mann <K, 
n=0 
(11.5.8) (7) nnn +0 (n=0,1....), 
(11.5.9) Uy = 1. 


We proceed to analyse the meaning of (11.5.7), and to show that, when 
it is satisfied, (11.5.8) may be replaced by a simpler condition. 


{+ For example, 


> (n) ae = > (Manns = (OEM = He 
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11.6. Totally monotone sequences. In the sections which follow 
we shall be concerned with real sequences only. A sequence (¢,) will 
be said to be totally monotonet if 
(11.6.1) A?¢,, 2 0 
for n = 0, 1,..., p = 0, 1,..... Thus 

i wee tea an 
nm+1— (n+1)(n+2).. (n+p) ~ 
80 that the yu, of the (C, 1) transformation is totally monotone. If Ln 
is totally monotone, then py _-», = A", > 0, and 


(11.6.2) M,, = > (") Pnm-n = Fo 


by (11.5.5), so that (11.5.7) is certainly satisfied. Analogy with the 
theory of functions or sequences of bounded variation (an analogy 
which we shall find to be closer than appears at first sight) then suggests 
the truth of the following theorem. 


THEOREM 201. In order that a real p,, should satisfy (11.5.7), it is 
necessary and sufficient that 
(11.6.3) = o,—B,; 
where «, and B,, are totally ees 


It is obvious that the condition is sufficient, by (11.5.5), and we have 
to prove it necessary. 
We write (Hu, = u,,, and) 


E. 1Uny» = — Un+rtp» Ey Un» 
Then 


(116.4) bay = AP ly = (EA)AP ey = AP in FAP ey 
= PnitptPnpt. = (LE, +45) Hap 


= Un pir 


and 

(11.6.5) IMnpl X [en+tp1+lPnp+t! = (E+ £s)| Mn pl- 

If 
—.(m — (m 

(11.6.6) baom = 2, (7) Heseotne apm — > (7 lest ’ 
r= r= 

then 
— (m 

(11.6.7) Pnpm = > (") a ET "'hnp 3 (£,+F2)"Unp = Fn,p» 
r=0 ; 
™ ‘m 

(11.6.8) Pnp.m — > (7?) 5 En = (L,+-E2)"|Hap| Zz lnpl> 
r=0 


t More properly, perhaps, ‘totally decreasing’. A sequence such as (¢,) = (e”), in 
which A?¢, has the sign (— 1)”, might be called ‘totally increasing’. 
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by (11.6.4) and (11.6.5). Also 
(11.6.9) tom = Un <K, 
by (11.5.7). Now 
Pasa = (E+ E,)| Ln, p| < (E+ E,)™ | hn | = Be ants 
by (11.6.5), so that yf. increases with m. Also 
ae = (E,+ Ey)" |en,p| == (E,-+ £,)" EY ER |Ho0! 


< é ?\ B+ By)" BP EB |yoo| 


n+p 
< (B+ By” > (4?) np9- 00 
r=0 . 
== (H+ E,)"(#,+ £,)"*” 0,0 = (H+ E,)"+? + |119.0| 
— Liiniien = nt+p+m < kK, 
by (11.5.7). Hence 
(11.6.10) en oni > Tim pnp, = pays 


say, when m->oo. Also |i, 5] = |Hnpml < tapm by (11.6.7) and 
(11.6.8), and so 


(11.6.11) jij = Pag: 

In particular 

(11.6.12) [Hn] = |Hnol < Hao = Ba 
say. 


Next Pawan a (#,+ £,)™*1 [Hnpl = (E,+ 24) U5 pm 
by (11.6.8), and so 
Pept = Ppantl Pat pm 

Hence, making m > 00, 

Pap = Pap —Untp = Atay» 
and 80 pnp = A?uny = A?ut. Thus 

|A?p,,| ae len p| < Lnp 2 AP un 
Hence, finally, if we write 

a, = 3(UaT+ Hn)» Bn = 3(un—Bn), 

then — Bn = &,—Bn> A?a, > 9, APB, > 0, 


which proves the theorem. 
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11.7. Final form of the conditions for regularity. We now 
assume that condition (11.5.7) is satisfied, and use it to simplify 
condition (11.5.8). We shall prove that (11.5.7) implies (11.5.8) for 
n> 0. When n = 0, (11.5.8) is 


(11.7.1) A™u,) > 0; 


and this, which is not a consequence of (11.5.7), must be kept as a 
separate condition. 


A sequence which satisfies (11.5.7) is the difference of two totally 
monotone sequences. It is therefore sufficient to prove that 


(11.7.2) Amn == (7) mann > 0 


when 7 > 0 and (u,,) is totally monotone, so that Amn 2 9. It follows 
from (11.3.5) and (11.3.6) that 

Pam-n = Enm-n+1t Pntim—w 

(M+1)Ann = (M—N+DAnsan(M+V)Amsrner 

or (m+ 1)(Ann—Arm-+1,n) = (n+ 1)An+tn+1— main 
Summing with respect to n, and writing 

Ann = Amott Amat Amn» 
we obtain 
(11.7.3) (m+1)(Amn—Amstn) = (n+ 1)Ansinsi = 0. 


Hence A,,,,, decreases as m increases, and tends to a limit when m > 00; 
and therefore A,,, = Amn—Amn-1 tends to a limit J,. In particular 
Ano = Amo. Also, for n > 0, 


n+l, 


Pm = Nica Artin ad m+1 n+L> 


when m- oo, by (11.7.3), and > p,, is convergent, so that 1,,,, == 0. 
Hence 


(11.7.4) Ano Ip, (11.7.5) = Ann > 0 (n> 0). 


Thus (11.7.5), which is (11.5.8) for n > 0, is a consequence of (11.5.7). 
But there is nothing to show that J, = 0, and this condition, which 
is (11.7.1), must be retained. The sequence (1,0, 0,...) is totally mono- 
tone, but here A™u, = 1 for all m. 
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We have thus proved 

THEOREM 202. In order that the transformation (, 1) should be regular, 
it is necessary and sufficient that (4,) should be the difference of two totally 
monotone sequences, that 


(11.7.6) A”, > 0, 
and that 
(11.7.7) by = 1. 


It is important to notice what follows from the main condition 
(11.5.7) alone, without the two subsidiary ‘normalizing’ conditions. 
We have then 


Cro = mn,0 a ly; Cnn = 7 >0 (n > 0), 
and > Cnn = Hy for all m. Thus the conditions of Theorem 1 are 
satisfied, with 
89 = ly, 8, = 90 (n> 0), 5 = po. 
The transformation preserves convergence (belongs to T,), and 


bin > Po SL (Sp—8) 
whenever 8,, > Ss. 

The condition J, = 0 excludes, for example, the sequence (1,0, 0,...), while 
fo = 1 excludes (2, 2, 2,...). Both exclude (2, 1, 1,...). The transformation defined | 
by the second of these sequences becomes regular (in fact the identity) when 
[4n is divided by 2. In the third, A", is 2 for m = 0 and 1 for m > 0; the trans- 
formation becomes regular if jp is decreased by 1. The significance of these 
supplementary conditions will become clearer when we have proved Hausdorff’s 
theorem about the integral representation of py. 


11.8. Moment constants. We call 
1 
(11.8.1) [in = fo dy,t 
0 
where x = x(x) is a real function of bounded variation in 0 < 2 < 1, 
the moment constant, of rank n, of y. We may suppose without loss of 
generality that 


(11.8.2) x(0) = 0. 

If also 

(11.8.3) x(1) = 1 

and 

(11.8.4) x(+0) = x(0) = 0 


so that x(x) is continuous at the origin, then we shall call p, a regular 
moment constant. 


1 
} The function 2° is defined at z = 0 so as to be continuous. Thus py = f ax. 
0 
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If x(x) increases with x, then 
Pap = APL, = fede dx > 0,f 
so that p,, is totally monotone. Generally, if P(x) and N(x) are the 
positive and negative variations of y(¢) in (0, x),.then x(x) = P(x)—N(z) 
and 
bn = J a™ dP— J a" dN = a,—f,, 
where (a,,) and (8,) are totally monotone. 

The function x(x) may have an enumerable set of discontinuities, and 
the value of the integral (11.8.1) is not affected by any change in the 
value of x(x) at a point of discontinuity inside (0,1). In particular we 
may suppose that 
(11.8.5) x(x) = H{x(z—0)+x(t-+0)} 


for 0 <a <1, in which case we shall say that all discontinuities of 
x(x) are normal. The expression of »,, as a moment constant is then 
if possible, unique. 

This follows from 


THEOREM 203. If 
Pn = [ a dx, = [ 2” dys, 
where x, and x, are functions of bounded variation, vanishing at the origin 
and with normal discontinuities, then x, = x2 for all x. 
It is sufficient to show that, if 
(11.8.6) f= dy =0 (n= 0,1,2....), 

x(0) = 0, and x(x) satisfies (11.8.5), then x(x) = 0 for all x. It follows 
from (11.8.6), with n = 0, that x(1) = 0. Hence, integrating by parts, 
n | a*-1y(2) de = 0. (n= 1,.2,..%)5 

and so f x"x(x) dx = 0 for n > 0. And if we write 


x 


(a) = J x(t) at, 


0 
and integrate again by parts, we obtain 


(11.8.7) f emple) dx=0 (n= 0, 1, 2,...). 


+ Here, when the limits of an integral are not shown, they are 0 and 1. 
4780 8 
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Since (x) is continuous, there is a polynomial Q(x) such that 
[~—Q| <« for0 <2 <1. Then, by (11.8.7), 


[ pdx = [ $Qda+ { pyp—Q) de = | HQ) dx <c | |p| dz, 


and so, since ¢ is arbitrary, J ys? dz = 0. Hence % = 0 for all x; and 
hence y = 0 at all its points of continuity. Since these points are dense 
in (0,1), and x(z—0) and x(z+0) exist for every 2, it follows that 
x(z—0) = x(z-+0) = 0; and therefore by (11.8.5), that x(x) = 0. 

We now interpret the conditions (11.8.3) and (11.8.4) in terms of 
Ln First, it is plain that (11.8.3) is equivalent to py» = 1, i.e. to (11.7.7). 
Next 

Ax, = { (l—2)"dP, A™B, = | (1—2x)™ dN 


are non-negative and decrease as m increases, so that 
We can choose 7 so that 0 < y < 1 and P(n) < P(+0)-+e; and then 


q 1 
Ate, < per <Crar) dP < P(n)+(1—n)™P(1) < P(+0)+26€ 


for sufficiently large m, so thet a < P(+0). 
On the other hand, 


VW] 
Amay > (1—9)™ J dP = (1—n)"P(n) > P(+0)—e 


for 47 < y(e,m). Hence Aa, > P(+0), and so a > P(+0). 
Thus a = P(+0), and similarly 6 = N(-+0). It follows that 


| Ay > P(+0)—M(+0) = x(+0); 
in particular (11.8.4) is equivalent to (11.7.6). 
Summing up, we have proved 


THEOREM 204. Any moment constant y,, is the difference of two totally 
monotone sequences. The moment constant of an increasing x is totally 
monotone. 


THEOREM 205. In order that a moment constant p,, should satisfy the 
conditions of Theorem 202, and so define a regular $ transformation 2: 4); 
it 1s necessary and sufficient that 1, should be regular. 


11.9. Hausdorff’s theorem. We now prove Hausdorff’s funda- 
mental theorem, which shows that the results of Theorem 204 are 
reversible. 
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THEOREM 206. If (u,,) is the difference of two totally monotone sequences 
(x,) and (B,), then p,, 1s @ moment constant. 

It is plainly sufficient, after § 11.8, to prove 

THEOREM 207. If (u,,) is totally monotone, then py = if x” dy, where 
x(x) 1s an increasing and bounded function of x. 


The proof depends upon an important general theorem of Helly: if 
Xq(X) is a sequence of increasing functions of x, uniformly bounded for 
0 <a < 1, then there is a bounded increasing function x(x), and a sub- 
sequence (q,) of values of q such that x,(x) > x(x) when g -> 00 through 


(9). 
We define x,(x) by 


x0) =0, x)= SY A= > ( Meg-2 (0<@ <1). 
o<s o<s<gx s 


Then x,(x) increases with x; and (11.5.5) shows that x,(1) = pp», so that 
X,(%) is uniformly bounded. : 
It follows that 


Ho = Xal1)—Xq(0) = lim{xg,(1)—XqK0)} = x(1)—x(0) = f dy. 
If n > 0, then 
Pn = Fno = Pnitbnt40 = Pnat 2bns11+Hn+2,0 


q-n q—n 
fae Eeer= > k Pu+kg—n-k 
k=0 


for allg >n. This is 


 q—n)! (nk)! (q—n—h)! 
Ly k(q—n—k)! q! <a dese iad 
SS (q—n)\(n+h)! (q—n)! 8! (¢ 
~ Le kelg! (4 4)" eae > ene rae 
=0 s=n 


-> s(s—1).. ia Vien -> ee 
q(q—1)...(g—n-+1) & qq—})...(q—n+1)\s]** 
(the terms added being all zero). 

We divide (0,1) by points x = 0, 2j,..., 2% = 1, suppose q large 
enough to make gz, > n, and write 


— so D lemme D fd 
sv (q—1)..(q—n-+1) \s]"** 


am<3caei+1 2 


so that Bn = >, S. 
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rales) —xel) = > (Mena 


O<s<qnr, 


Then, since 


rater = > (Muar > 9) 
GX, <8 Kg +1 
we have 


x, 9(x,q—1)...(4q—n+1) 
ere q(q—1)...(a—n+1) 


41 U( 41 9—1).--(G19—N +1) 3 
< SV< < a gqaigoari Oe Xq(%)}-T 


{xq(ti+1)— Xam} 


Hence, first, 
rol FS 11 U4 ID) (84 2 +1) 
— ) 141 W141 1+1 
Hn = 5, 51 < Dg —1)..g—n FD) 
From this, making g->0oo through an appropriate sequence (q;), we 
obtain 


{Xq(%141) md Xq(%1)} , 
1=0 


2 ort r—1 
Mn < lim > SP < > h-a{x(%41) —x(%)}- 
q=q7~ 1=0 t=0 


We can obtain a lower bound for yp, similarly from the first of the 
inequalities (11.9.1); and so 


(11.9.2) 7S atxless)— x(a} < bn < Sal (Cia) — x0} 


But the Stieltjes integral f x” dy is the common limit of the two sums 

in (11.9.2) when r tends to infinity and the largest interval (2;, 2,,,) tends 

to 0; and therefore p,, = f x" dy. The integral is not affected by any 

change in the value of y at its discontinuities inside (0,1). We may 

suppose that they are selected so as to normalize the discontinuities. 
We can now resume our results in 


THEOREM 208. (i) In order that (§, ») should be a regular § transforma- 
tion, it 1s necessary and sufficient that pw, should be a regular moment 
constant. (ii) In order that ($,u) should be a convergence preserving 
transformation it is meeenty and sufficient that 1, should be a moment 
constant. 


In the general case the variation of x,(t) in (0,2) is given by 


q 
0) = 0, a) = > (ityg-el <2 <0) 
O<s<gr 
+ This is obviousif 72> 0. If J = 0, then the first member in (11.9.1) is 0, while the 
terms of the second are 0 for s < n—1, and the remainder non-negative and not greater 
than the corresponding terms of the third, whose terms are all non-negative. 
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and the variation of y(t) = lim x,,(¢) in (0, ~) is V(x) = lim V(x). For it 
is easily shown that, if 0 < a<b< 1, then 


[ ldx| < lim in | ldx,,l- 
On the other hand, 


| ldxql = DE eer >(4 
< f (> () 20-0 a = j idx. 


The functions V, and V are derived from |u,,-,| a8 x, and x are derived 
from p,,-,. Thus V corresponds to the px of §11.6 as x corresponds to 
Pn, and 


{ x*(1—z)9-* a 


pa = [ordv = fam dP + [an dN = a, +B, 


Any expression x = 06—¢ of x as the difference of two increasing 
functions corresponds to an expression yp, = p,—o, of pw, as the 
difference of two totally monotone sequences. The decomposition 
x = P—N is the ‘least’ in the sense that 0 = P+w, ¢ = N-+w, where 
w is an increasing function; and the decomposition p, = a,—B, is the 
‘least’ in the sense that the components p,, and o,, of any other decom- 
position are of the forms p, = o,+¢,, o, = 6, +¢,, where ¢, is totally 
monotone. 


It is instructive to follow out the construction of x in a few simple cases. 

(i) If p, = 1 for all n, then A,,, is 0 for s < p and 1 for s = p; yx, is 0 for 
0 < x < land 1 for x = I, for every q; and x is the same function. 

(ii) If zp, = (n+1) then, for0 < ¢ < p, 


Qe Be pp ea ae, oP 
Ds  8!(p—s)! stl” a!(p—s)! (p+1)! ~~ p+l’ 
1 r+1 
and xX(0) = 0, ele) = Or (<#< - ,2> 0). 
The limit function x is x. 
wt) Tf _ (rte _ e+) (n+) 
(ui) Pa-\ gp) = "Tatket) ’ 


where k > 0, then a straightforward calculation gives 


ES T= ety 


(aa 


M 
2 
I 


and ba = fe dx =k J x"(1—a)*-1 da. 


262 HAUSDORFF MEANS [Chap. XI 
(iv) If, = a", whereO0 <a <1, then 


x9) = 9, x,(%) = > (*)a%(1—ayers (0<2# <1). 
0<s<qz 

It follows from Theorem 138 that x is 0 for0 < x <aand1fora<2< 1. 

It is sometimes convenientt to modify the definition of x,(x) slightly. We 
defined y,(z) as a step-function which has a jump d,, at x= 1r/q. We may 
eliminate the discontinuities by straight lines connecting the angles of the graph. 
This process gives a X,(x) continuous except perhaps for x = 0, where it has 
a jump A,,o, and with a derivative 9A, for (r—1)/q¢ < « < r/g; and it is plain 
that X,(x) —> x(x) when g —> oo appropriately. 


11.10. Inclusion and equivalence of § methods. The general 
problem of the inclusion or ‘relative strength’ of two § methods is 
difficult, and its solution, which has been effected all but completely 
by Rogosinski and Fuchs, depends upon the study of the ‘Mellin trans- 
forms’ M(z) = | t? dx(t), associated with the methods, for complex z. 
The problem is much simplified if the moment constants pu, and py, of 
the methods do not vanish for any 7; and we confine ourselves to this 
case, in which the solution can be stated very simply in terms of p, 


and p,.t 
In what follows, then, we assume that 
(11.10.1) Un #0, pn #O (n= 0,1,2....). 


If the transformations are A = dud, X’ = dy'd, then 
Sis eos oe Seat 
pe B pe 
the identity. Thus 
poset. “esse: Waeneerse os es: 
p p pe 


so that \’A-1 is the § transformation formed from p,/u,. But, in order 
that (§,’) should include (§,,), it is necessary and sufficient that 
As >1 should imply A’s = X’A-“1(As) > 1, ie. that A’A-1 should be 
regular; and this is so if, and only if, u,,/u,, is a regular moment constant. 


THEOREM 209. Suppose that (, ») and (§, p’) are two regular § methods 
subject to (11.10.1). Then, for (§, »’) to include (§, p), it is necessary and 
sufficient that p,/1,, should be a regular moment constant. For the two 


{+ See, for example, § 11.16. 

t If ($, ») and (§, »’) both sum a series, then the sums are necessarily the same. 
For if tm = $8, tm = $’s, are the means of s, corresponding to the two methods, 
and t,, — 8, tm > 8’, then §’tm = Htm by Theorem 197; H't, > sand Htm > s’, because 
the methods are regular; and therefore s = s’. Thus any two regular § methods are 
‘consistent’ in the sense of § 4.2. 
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methods to be equivalent, it is necessary and sufficient that 1,/u, and pn/ pn 
should both be regular moment constants. In particular, for (§,) to be 
equivalent to the identity, it is necessary and sufficient that p,, and 1/p, 
should both be regular moment constants. 


In the next section we apply Theorem 209 to some important special 
cases. We make repeated use of the simple theorem which follows. 


THEOREM 210. Sums, differences, and products of moment constants are 
themselves moment constants. The product of two regular moment constants 
1s a regular moment constant. 


The assertion about sums and differences is obvious, and we need only 
consider products. First, 


Aten Pen = By Atint Abn «Prt, 
A bin Bin = Bin D2 + 2Apty Apings FA ey Bnszsees 
so that A?u,, > 0 and A?u,, > Oimply A?u,, yu, > 0. Hence the product 


of two totally monotone z,, is totally monotone. 
Next, if »,, and py, are moment constants, 


Ln Pn = Oy, on +Bn Bn—On Bu—%m Bn» 
where «,,... are totally monotone. Hence the product of two moment 
constants is a moment constant. 
Thirdly, 4» = 1 and py = 1 imply pop = 1. 
Finally, we have to show that A™u,->0 and A™u,>0 imply 
A™9 49 > 0, and it is plainly sufficient to prove this when p, and p, 
are totally monotone. Now 


; 2. /m r R m 
AM ig Ho = > }4"Ho Ap = P+ FY =S8,+S, 
faor r r=0 r=R+1 


say. We can choose £ so that Ap, < « forr > R, when 
< (m ; ; 
& <e 2 ("am = €Ko» 
by (11.5.5); and 8, > 0 when R is fixed and m 00. Hence A™u, 5 -> 0; 
and this completes the proof of the theorem.t 


11.11. Mercer’s theorem and the equivalence theorem for 
H6élder and Cesaro means. If A and 2’ are two equivalent § methods 
(§,p) and (§,p’), then we write X=’. In particular we write A= I 


{ Alternatively we might have used Theorem 208. 
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when A is equivalent to the identity. Plainly APA@)..AO = Lif M=T 
for s = 1, 2,..., 7. 

If 

—_ an-+l me: B—a 1 

(11.11.1) bn = Fei =a a 
where « and f are positive, then either y,, or («/8)—,, is totally mono- 
tone, yy = 1, and A", > 0, so that p, is a regular moment constant. 
Since the same is true of uz 1, A= I. The transformation 


Sots +... +5, 
m-+1 

of §5.9 is the § transformation corresponding to 
I1—a  on-+1 
n+l n+l’ 
and p, and pu; ! are both regular moment constants. We thus obtain 
another proof of Mercer’s Theorem 51. 

If uw, ~ 0 for all n, and yp, is a finite product 


, a,n+-1 (s) 
Ln = - = ph BS 
tn] | es = on TT 
where the « and f are all positive, so that X® = I, then p,/p, and py/pn 


are both regular moment constants, and \’=A. If k is a positive 
integer, and 


tm == Sy, +(1—a) 


By = O+ 


_ 1 — (7) ee k! 
POS GRY oe KE NE (n1)(n--2)...(n-F)’ 
then a ae 
Hn NM+2 n+3  n+k 

and each factor is of the form (11.11.1), so that X’=4. This gives 
another proof of the equivalence theorem (‘Theorem 49). 

We defined Hélder means of non-integral order in §11.4, and it is 
natural to ask whether the equivalence theorem can be given a corre- 
sponding extension. 


THEOREM 211. The (C,k) and (H, k) means are equivalent fork > —1. 


We have to prove that 


k\ 1 k 
A= (ER mba, oll =e = mty{"7"] 
‘ tr 
are regular moment constants. Since 
ep) —— n+k+1 
pet) (k+1)n+k+l’ 
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it is sufficient to prove this in some interval s << k < s+1 of values of 
k, where s > —1 and, since integral values of & are already accounted 
for, we may suppose that 0<k <1. Now 


(11.112) p® = py = T(k+1)-+ (n+), 


where 


ay T'(n-+2) is 
m= Me ep) Ot] 


k(k—1) i a {ad 1—a)k- *—(log 7) | dx, 


so that u, is a moment constant. Since (n-+1)*-! is also a moment 
constant, it follows from (11.11.2) and Theorem 210 that p™ is a moment 
constant. 

Secondly, p = 1. Finally, uw, is the moment constant of an abso- 
lutely continuous x, so that x(-+0) = 0 and A™u, > 0; and (n-+1)*-1 
satisfies the corresponding condition. Hence A”p{*) > 0, and pi) is a 
regular moment constant. The proof for o{* is similar. 


We may prove in a similar way that the (C,k) and (H,k) methods are 
equivalent to the § methods corresponding to either of 
_ Tik+a)P(n+a) =( a J’ 
Pn = Ta)rintktay *~ \n+a 
for any positive k and a. Or again we may prove that 
(ntete) [(nte)(r*8) _Pa+DPB+) Tntotp+irin+)) 
a+B B T(atp+1) P(n+o+1)P(n+B8+1) 
and its reciprocal are regular moment constants, and so complete the proof of the 
theorem stated in the note on § 5.8. 
It is also interesting to work out the actual expressions of p{*) and o{*) as moment 
constants. Suppose, for example, that k is integral. Then the formal solution of 


(n+1) = 
ADIT) EI 2) ER) [- rac= fe mm 


c+ 
: ki (s+1)* Cert. 
# He) = ri) @FIVe+2).AeFR) a 


and the integral may be eis as a sum of residues. We find that 


(114) 40) =0, g40=e, gy) =e (4) eta—ey > 0), 


a form of ¢(t) which may be verified directly. 
Similarly we find that o{ is expressible by an integral with 


#(0)=0, (+0) = _ $'(t) = ay a ' =) “(wlogw] 
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These formulae remain true for non-integral k if the operation of differentia- 
tion is interpreted appropriately. Thus (11.11.4) still holds for 0 < k < 1 if k! 
is replaced by I'(k+1) and the derivatives are defined in the manner of Riemann 
and Liouville. 

It should be observed, finally, that we have shown that the Hélder and Ceséro 
means are equivalent in the range —1 < k < 0, when neither is regular. 


11.12. Some special cases. (1) For the (H, &) method, with k > 0, 


Bn == ea, eemeayee a | a” log 4 a = [ 4 dx. 
" (n-+1)* — P(b) © | 
Here x, the integral of ¢, is absolutely continuous. 
(2) For the (C,%) method, with k > 0, 


= HN oa fancar 
and x(x) = 1—(1—2)* is again absolutely continuous. 

(3) These examples suggest that the ‘strength’ of an § method will 
depend upon the ‘smallness’ of u,, increasing as p,, becomes smaller. 
But this principle, though valid up to a point, must not be interpreted 
strictly, the relations between two moment constants which govern 
their relative efficiency being of a more subtle character. 

Thus p, = a”, where 0 <a <1, corresponds to the method (E, q) 
with g = (1—a)/a, and tends to 0 more rapidly than any (n-+-1)-*; but 
it is not true that (E, q) includes (C, &), even when q is large and k small. 
The two methods are in fact ‘incomparable’. Suppose, for example, 
that k = 1. Then it is easy to verify that, ifu,, = (n+1)-! and pi, = a”, 
neither of p, = p,/u, and o, = p,/u, is a moment constant. This is 
obvious for p,, since p, -> 00, and we need only verify it for a,. 

If o, = (n+1)a” were a moment constant then (since a” is one) we 
should have 


nan = { at dy = x(1)—m f a”4x(x) da = m [ a-Ky(1)—x(2)} de 


for n > 0. Dividing by 7 and replacing n by +1, we obtain 


a= = [ enx()—x(@)} dx = [ eax: (n > 0), 
where x, is absolutely continuous. But a” = i} x"dy., where x. is 0 in 
(0,a@) and 1 in (a, 1), and the dual expression of a” contradicts Theorem 
203. We thus see, as we have proved directly in §9.8, that there are 
series summable (C, 1) but not summable (E, q) for any g. The argument 
is easily adapted to any positive k. 


t See the remarks at the beginning of § 11.10, and the notes at the end of the chapter. 


11.12] HAUSDORFF MEANS 267 
(4) If »,, > 0 too rapidly, it cannot be a regular moment constant. 
This is shown by 


THEOREM 212. There is no regular moment constant p,, such that 
C Ln > 0 for every c. 


If y,, is a moment constant then 
(11121) Hate = fe dx = x(1)—(n+2) | anthy da 


= x(1I)—(n+2)xi(V+(D+2)(m-+1) f ary de = (m+2)(n-+1) | ard der, 


where 
(1.12.2) P(e) = yu(w)—xu(1)-+(1—2)x(1), xxl) = | x(@) dt, 
0 
so that (x) is absolutely continuous. We consider the function 
_ f (2) 
fw) = i £2) ax 


of the complex variable w = u-+-iv. We have 
= x” = Pn+2 1 
Flo) = | $0) > seat = > Gera awa 
for large w, and the series is convergent for all w 40. Hence f(w) 
defines an integral function of 1/w; in particular it is regular on 
0<w<i. But, if 0 <u <1, then 
1 : ‘ 1 v(x) 

12. — —Ww)— ee 
(11.12.3) 5S u iv) S(u-+iv) = i eine 
when v > +0; and so ¢(u) = 0 and p, = 0 for n > 2. 

Also $¢’(x) = 0 for 0 < 2 < 1, and therefore, by (11.12.2), 

x(z)—x(1) = 0 
for almost all x, so that 
py = [ edy = x()— f x de = 0. 

Thus the sequence (p,,) is po, 0, 0,...; and this is not regular, whether 
ftp = 0 or py & 0, since either (11.7.7) or (11.7.6) is violated. 


It follows from the last remark that pp, = (n!)~! is not a moment constant. 
It is easily verified that 


aol (SUP, PPO iy 
where L(x) is Laguerre’s polynomial. It is known that 

L,(1) = eta-* p-t cos(2pt — tr) + O(p-4) 
for large p, so that Ay, is not of fixed sign. 
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It is simpler to prove that a totally monotone yp, satisfying the condition of 
Theorem 212 must vanish for n > 1. For if w, = { a"dy and x is an increasing 
function not constant in 0 < xz < 1, then there is an interval (a, b) in (0, 1) for which 
a> 0, x(6)— x(a) = w > 0; and ji, > ca. 


11.13. Logarithmic cases. We now consider a form of py, which 
leads to an § method included in and weaker than all the (C, k) methods 
of positive order. Ifa > 1,1 > 0, then 


ao 
1 i-1 


: dt 
TO J @ray 


flog(n-Fa)y¥ — T(0) 


co co oo 1 
1 t!-1 dt 
— ul-lentae dy = | etntlg(y) d xh(x) da, 
0 0 0 0 


a ti-le4 log(n-+a) dt = 


“TH J Te 


e(l—ayu P f—lygt 


1 
where d(x) = i(los) (uw) = aT uO) | To —— dt, 


The inversions are legitimate because all the functions are positive. 
It follows that 
loga 


(11.18.1) i rece 


is a regular moment constant. 

It is not difficult to prove that these methods are weaker than (C, k) 
or (H,k) for every positive k, but the details of the proof are a little 
tiresome. Let us suppose for simplicity that 1 = 1, and assume that, 
as was stated near the end of $11.11, (H,&) is equivalent to the H 
method with 


11.13.2 d a_\ 
(1.13.2) m= (J. 


\ (a >1,l> 0) 


+ 
We have to show that, if u,, and py, are defined by (11.13.1), with 7 = 1, 
and (11.13.2), then y,/u, is a regular moment constant and z,/p, is 
not. The second assertion is obvious because p,,/p,, > 00. On the other 
hand, 


Beales Mi = 


I"(k) 
—-Niyk—1 . 
—¥ = : (RE logs} sa 


and it follows from this formula, with N = n-+a, that (n-+-a)-* log(n+-a) 
is a moment constant. Thus p,/y, is a moment constant, which is 
plainly regular. 

Since p,,-> 0, pz! is not a moment constant. It follows that the 
methods sum some divergent series. 
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11.14. Exponential cases. It is also interesting to define regular 
methods (§, 1) stronger than any method (C,%). In such a case p,, must 
tend to 0 more rapidly than any power of n; but we have seen in § 11.12 
that it must not tend to 0 too rapidly. It is natural, after the examples 
of §11.12, to consider the case p, = e-4™*, where A > 0, 0 <a <1. 
We prove 


TurorEM 213. If A >0, 0<a <1, then p, = e~4™ is a regular 
moment constant corresponding to an increasing x. 


If u(y) = e-4¥" = e-), then v’ > 0, v’ <0, v” > 0,..., and so 
p’ = —e-y’ < 0, pe’ = e-*(p’2—v") > 0, 
pe” == —e(v'8—3p'p"+-v”) < 0,..., 


so that the successive derivatives of » alternate in sign. It follows that 
Py 18 totally monotone, and 


(11.14.1) Un = fr dx, 
where x increases with ¢. Also x(1) = wy = 1. Hence, in order to prove 
the theorem, it is only necessary to show that A”, > 0, or, what is 
equivalent, that x(-+0) = (0). 
Since p(n) = p(4n) is also totally monotone, 
pdr) = p(n) = fu dyO(u) = [ tin dye), 
with an increasing x; so that 


(11.14.2) p(n) = J i” dx(tt) 


for n = 0, 4, 1, 3, 2,.... We may suppose y and x normalized, and 
then, comparing (11.14.1) and (11.14.2), and remembering Theorem 203, 
we see that y(t) = y(t). Hence (11.14.1) is true whenever 7 is an 
integral multiple of 3. Repeating the argument, we see that 


(11.14.3) wy) = f tv dx(t) 


whenever y is an integral multiple of 4, of 4, of 4,.... It follows by | 
continuity that it is true for all positive y: Finally, 


5 
(0)—ue = ( f + f Ja—endy > A—on{x08)—x(0) 
0 r) 


for 0 <6 < 1, and therefore, making 5 > 0, 
x(+0)—x(0) < p(0)—p(y). 


270 HAUSDORFF MEANS {[Chap. XI 


Since p(y) is continuous, it follows, on making y > 0, that 
x(-+0) = x(0) = 9; 
and this completes the proof of the theorem. 


The function x(t) is absolutely continuous; thus 


co 


1 
py) = J h(t) dt = f emp) du, 
0 ) 


and there is no difficulty in finding explicit analytical expressions for y(u) and 
g(t). Thus 


f(t) = 3f-t(log4) “enatieiau 
t 
when « = $. When « = } we can show, by the use of Liouville’s formula, 


fo ote °) Qn 
ff eee nlonu-to-t dude = Set, 
00 


that g(t) = +1y(log -), %(u) = = -#K,(2.3-tAtu-4), 


where K, is the real cylinder function of the third kind. Generally, the inversion 
formula for Laplace transforms leads to 


_ (=A)? oo a 1S - psinapr I ete) i een = 
where W is an integral function. 
We conclude this section by proving 


THEOREM 214. The method (§,j) of Theorem 213 includes all (C,k) methods. 
We take A = 1, a = $ to simplify our formulae; the essentials of the proof 


are not affected. We begin by proving that 


a 


is a regular moment constant for any integral k and sufficiently large a = a(k). 
We write 


k 
p(t) = (=) ett — ev), re = th log =", 


1.3...(2p— 3) pty_*(P—D! 1)! 
2? (t+a)? ’” 
where 1.3...(29—3) is to be interpreted as 1 when p = 1. The right-hand side 
will be positive for p = I, 2,... and all positive ¢ if 
(ta)? I'(p) Ie 
por > POT) 
The minimum of the left-hand side, for varying ¢, is (2p)??(2p—1)-??+1a > 2pa, 
while the right-hand side behaves like 4k*7p for large p. Hence (—1)?—4y(?)(t) > 0 
for p = 1,2,..., é > 0, when a is sufficiently large. It follows, by the argument 
used in the proof of Theorem 213, that p, is totally monotone. Also py = 1; and 
we can prove, as there, that A“p, > 0. Hence the method (9, ) is a regular 5 
method when a is sufficiently large. 


Then (—1)?-1p(P)(t) = 
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an +a)" 
n+a 
defines a method (§,c) equivalent to the identity. Hence 


Finally, as in §11.11, On = ( 


Th = Paon = (n+ 1)ke-nt 


is the moment constant of a regular § method; and hence the method (§,,), 
with p,, = e-**, includes all (C, &) methods. 


11.15. The Legendre series for x(x). We return to the proof of 
§11.9, in which x(x) is constructed as the limit of a sequence of step- 
functions x,(x). It is interesting to have other analytical expressions 
for x(x), and one of the most natural is its expansion as a series of 
Legendre polynomials. We suppose that y, is a regular moment 
constant, so that x(0) = x(+0) = 0 and x(1) = 1. If we write 


t= $(1-+2), x(t) = O(x), 
so that —1 < x < land 


1 
bn = | 7) a. 
-1 


then @ is of bounded variation, and continuous at x = —1; and its 
Legendre series > c,,P,,(x) converges to 4{0(e—0)+6(x+0)} for 
—1 <2 <1, to 0 for z = —1, and to @(1—0) forz = 1. 


The coefficients c,, are given by 


1 . 1 
Cm = (m+) { O(x)Pa(x) de = (m-+4)mm(1)—(m+4) [ w(x) a8, 
—~1 -1 


where D(X) = | P,(t) de. 
Thus a 
1 1 
(11.15.1)  c)=1-—} [ Q+2)do = 1— fedx = Po— Hy» 
-1 0 


1 ; 1 
(11.15.2) C_ = —(m+4) f Dyn(t) dO = —(m+4) | Dn(2t—1) dx 
-1 0 


form >0. Now 
2t—1 t 


(11.15.3) ow ,,(2f—1) = [ Balu)du = 2 f P,(20—1) dw 
-1 0 


and 


P.(2w—1) = (—1{1 —MEt Ry er er) Se. 
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Substituting in (11.15.1)-(11.15.3), we find 

x(t) = > Cm L,,(2t—1), 
where Cy = fo—p, and 


om = A —1)"-Hm-+9) {yy — EA Ty Ee | 


for m > 0. 


If x is absolutely continuous, x’ = ¢, and (x) = ¢{4(1+2)}, then 
the Legendre series of (x) is > a,, P,(x), where 


set =D (Dae = ue a ee 


11.16. The moment constants of functions of particular classes. 
It is natural to ask when x will be a function of some special class; for 
example, when it will be absolutely continuous, when it will be the 
integral of a function of the Lebesgue class LZ’, and so on. We confine 
ourselves here to one theorem whose proof is simple. 


THEOREM 215. In order that 
(11.16.1) lin = | =*$(@) de, 


where $(x) 1s L’, with r > 1, in (0, 1), it ts necessary and sufficient that 
Dp 
(11.16.2) (p+) > |A, i" < Hr, 
s=0 


where X,,, is defined by (11.3.4), and H is independent of p. 
We observe that (11.16.2), by Hélder’s inequality, implies 
Shale. 
so that a yw, satisfying (11.16.2) is certainly a moment constant. 


(a) The condition is necessary. For 


doa = (2) f 21a) de = [ re de, 


where p, (2) = oi x*(1—2)P-*, so that $ Pp,s(%) = 1 and 


(p—s)! 1 
J roats)ae = ayy = par 
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Hence, again by Hoélder’s inequality, 
rol” <{f Ppale) del" | pp ol) p(a)|" de, 
(DHA < f Ppal@)l pal" de, 


(P+ S yal” < f 16S poale)} de = f pte) de. 


(6) The condition is sufficient. We define x,(x) as in §11.9, but with 
the modification indicated at the end of that section.t Then 


’ s—1 s 
Xpl*) ——4 Prv,g (: = 1, Quy Di >? <x <3), 


p 
| lxpCar) ir dar = prt Spal” < A, 
s=1 . 
by (11.16.2). It follows that there is a subsequence of p, and a function 
¢ of L*, such that x, > ¢ weakly and 


J $(¢) dt = lim f x5(t) dt = lim{x9(2)—xp(-+0)} = x(@)—lim Ay o 
0 0 
But (p+1)""1|A,,9|" < H, 80 that A, 9 —> 0 and 


x 1 
x(%) = | @ dt, fn = J tt) dt. 
0 0 


The proof works, with the appropriate modifications, in the limiting case 
r = 00, and gives (p+1)|A,,,| < H as a necessary and sufficient condition that 
x should be the integral of a bounded function. There is no similarly simple 
result for the case r = 1. 


11.17. An inequality for Hausdorff means. In this section we 
prove an inequality which includes a considerable number of special 
inequalities, important in the theory of functions of the class L’. We 
suppose that xy increases, (1) = 1, and x(@) = x(+0) = 0, so that p, 
is totally monotone and the method (§, ») is regular; and that 


m 
m 
(11.17.1) tn = >, (7) nam-n 
n= 


is the Hausdorff mean of a positive sequence (s,,). 
THEOREM 216. If s, > 0,r > 1, then 


(11.17.2) Si ( i} gnir dx) ¥ ot = Hr) > s, 


unless s,, = 0 for all n or the transformation reduces to the identity. 


t Using x, however, instead of X. 
4730 qT 
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It is naturally supposed that > s%, and f az-Ur dy are finite. The 
integral is not a Riemann-Stieltjes integral, since x4" is not bounded, 
and some generalization of the definition is required. We may define 
it either as one of the general ‘Lebesgue-Stieltjes’ type, or as the limit 
of a Riemann-Stieltjes integral over (c,1). The second point of view 
is the more elementary, but we adopt the first for the sake of concise- 
ness. The constant H(r) is the best possible, but we shall not prove 
this here. We write 


(11.17.3) e,, = e,,(7) = S (i)e"a—zy—"s, = S (Maryn 
n=0 


n=0 


where 0 << 2% <1 and y = 1—2z. Then, by Hélder’s inequality, - 


(11.17.4) e< > (7) gy tse (> (7) a a = > 4) oie) dale 


and so 
(11.175) Ya< > (ee 
an m ngm & 
= > ie . Jy = = (1l—y) 7D =e4 p2 Sh 
n mM2n 


for0 <a2<1. Now 


(11.17.6) #,= 2 (i )ena—ayrrsy} dx = | en(e) dx 
n=0 


Hence, by (11.17.5)-(11.17.6) and a form of Minkowski’s inequality, 
(11.17.17) (Sa) < J (S ef,)rdy < {H(r) ¥ oe}. 


This is (11.17.2), but with ‘<’ for ‘<’. 
There is inequality at oe first stage of (11.17. 7 ) unless 


€m(2) — Kn p(z), 


except in a set S of x in which the variation of y is 0. We must distinguish 
the cases in which the complementary set S’ includes (a) an infinite 
number, (b) only a finite number of points. In case (a) e,,(7) = K,, 6(x) 
for all m and an infinity of x; in case (6), x is a step-function. 

(a) In this case we write ¢,,(x) in the form 


C(t) = (L—2-+xH)™sy = (1—xA)™sy = S (—1)4(7 }atatsy 


k=0 
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If s, is the first s, which is not 0, then e,,(z) = 0 for m < 1, and 
Cp43(%) = (—1)(I+- 1) a's + (— 1) at Alt g,,.... 

Now e/(z) = K, (2), 4a(0) = Kix $(2) in S$’, 90 that K, # 0, Kus # 0; 
and the polynomials K;,,, e,(x) and K,e;,, (x) are equal for an infinity of 
values of x. It follows that ¢(x) is a multiple of 2’, and A”s, = 0 for 
m >I. Hence s, is a polynomial in n, which must be zero because 
> sf, is convergent. 

(6) If xis a step-function with jumps «;, at x = 2,, then x, ~ 0 (since 
the method is regular) and ¢,, = > o,@,,(%,). Also 


(1.17.8) (x tN < p2 an 5 ey) | 
<2 % ae Urey (> = = (>) | a-Ur dy, 


by (11.17.7) and (11.17.5). There is inequality in (11.17.4) unless either 
all the s, have the same value c, or z is 0 or 1. Since z, 4 0, and > 87, 
is convergent, it follows that there will be inequality in (11.17.8) unless 
either all the s, are 0 or all the x, are 1. But in the second case x(x) is 0 
for 0 < x <1 and 1 for x = 1, and the transformation is the identity. 

Examples. (1) If y= 0 forO<2<a<1, y=1 fora<zv<l, 
then /,, = e,,(a), and is the Euler mean of s, of order g = (1—a)/a. 
Thus if ¢,, is the (E, g) mean of s,,, and not all s, are 0, then 


> th < (a+1) ¥ &. 


This is equivalent to (11.17.5), with inequality. 
(2) If we take y = t, we obtain 


So +8, +...+8,\" r \r 
> nti ce Pa > Sn 
More generally, if we take y = 1—(1—1t)*, where k > 0, then ¢,, is the 
(C, &) mean of s,,, and 


. . (ra+erd— 
Be < (Nag S< 


11.18. Continuous transformations. There are transformations 
of functions of a continuous variable analogous to the § transforma- 
tions discussed in the preceding sections. We are led to them naturally 
as follows. Our regular § transformations of s,, were defined by 


(11.18.1) At =— bn AS, 
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where in is a regular moment constant. Suppose now that f(z) is a func- 
tion of x regular along the positive real axis, and so expressible in the form 


(n) 
fe) = SE Wan = Saye" 


for small 2. Then the natural analogue of (11.18.1) is 


(1.18.2) (0) = pp f™(0), 
in which case 


g(x) = > Py Gy” = J > a,(xt)" dx is | feat) dx, 


at any rate for small z. 
We are thus led to consider the transformation 


(11.18.3) g(x) = | flat) dx(t) 


(dismissing the considerations which led us to the formula). We shall 
suppose that f(x) is continuous in any finite (0, X): we shall be interested 
only in the behaviour of f(x) and g(x) when x > 00. 

If x(t) = 1—(1—1t)*, where k > 0, then 


1 x 
ate) =k | flet)(1—ae-rdt = a | @—myYf(u) da 
0 0 


is the (C,k) mean of f(x) in the sense of §5.14. If y(t) = 0 for 
0<t<a<l, x(t) =1 fora <t< 1, then g(x) = f(ax). This is the 
analogue of the Euler transformation; and, unlike the corresponding 
transformation of s,, it is trivial, since f(z)—>Jl and g(z)—>Jl are 
equivalent. 

We prove one theorem only. We suppose, as we may, that x(0) = 0. 

THEOREM 217. In order that the transformation (11.18.3) should be 
regular, i.e. that f(x)>I1 should imply g(x)—->l, wt is necessary and 
sufficient that x(1) = l and x(+0) = x(0) = 0. 

If f(x) = 1 for all x, then g(x) = f ax = x(1). Hence x(1) = lisa 
necessary condition. 

If f(z) = 1 for 0 < x < 8, where 8 > 0, and f(x) = 0 for z > 8, then 


| f(x) > 0. Also 7 


ate) = | dx = x()—x0). 


If the transformation is regular, g(x) > 0, and therefore x(5/x) + x(0), 
ie. x(+0) = x(0) = 0. 
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_ It remains to prove the conditions sufficient. Since f = / givesg = I 
it is enough to prove that f > 0 implies g > 0. Further, since x is the 
difference of two bounded increasing functions continuous at 0, it is 
enough to prove this for an increasing y. Then, if we choose X so that 
lf | <¢ for x > X, and denote by M(X) the upper bound of |f| for 
x < X, we have 


1 X/zx 1 
I9(@)| < [ lfet)l dx < [ Iflat)idxy te [ dx 
0 0 X/z 
< U(X){x(X/x)—x(0)}-+e f dx <2 f dx = 2 
for sufficiently large z. 
There is an inequality for g(x), when y is monotone and f > 0, similar to 
(11.17.2), viz. 
fo2) 1 r o 
(1.18.4) [ote)de < ( f a-tIrdy) f#rwyde. 
0 0 0 


The proof is similar to that of §11.17, but rather simpler, owing to the triviality 
of the Euler transformation. In the particular case x = ¢, the inequality becomes 


(11.18.5) fe | ftuyau) a < (= J ft(a) de. 


11.19. Quasi-Hausdorff transformations. The theory of § 
transformations depends upon the properties of the transformation 6 
of §11.1. There is another transformation of very similar form which 
also generates interesting transformations. This is the transformation 
6* with matrix 


1 1 1 
0 —1 —2 
6* 
er 0 0 1. ‘ 


obtained by exchanging rows and columns in [8}. 
THEOREM 218. 5* is its own reciprocal: if t = 5*s then s = 8*t. 
One preliminary remark is wanted. The theorem asserts that, if 
<<) 
n 
(11.19.1) t, = (—1)" > (7) 
n=m 


= (1) {etm +1)8 pan + IE aaah} 


then s,, is expressible similarly in terms of ¢,. The series in (11.19.1) 
and the reciprocal equation are infinite and need not converge. We 
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can, however, avoid considerations of convergence in this theorem by 
supposing that s, — 0 forn > N, in which case t,, = 0 form > N; and 
Theorem 218 is to be interpreted in this sense. 

The proof is similar to the proof of Theorem 196. We have 


(11.19.2) u, =(— 1 \t so aa ) > () 
=o de > rl} 


p=m n=m 
eo p 
=> (Fd ra 
p=m n=m 
and the inner sum is 1 if p = m and 0 otherwise, so that u,, = 8. 

The convergence of the series (11.19.1) does not necessarily imply 
that of the reciprocal series. Thus s, = a", where 0 <a <1, gives 
tn = (—a)™(1—a)-™-1, and the reciprocal series does not converge unless 

a <4. The double series in (11.19.2) is convergent if 


2 \% > ¢ n= > (i) <00, 


which is true, for example, when s, = O(a") anda < 3. 
We now define the transformation (§*, u) by A*¥ = 8*u8*, where p, as 
in §11.3, is a diagonal transformation. We find, formally, 


war Seino S Bb -cin Suc] 


n=m =m n=m 
— (__])\m Pp p—-m _ ~ Pp is 
“cin$ PS cotta S (orien 
p=m n=m p=™m 
Thus, replacing p by n, the transformation is defined by 
(11.19.3) bmn = YM Sns 


(11.19.4) AX, =0 (n<m), AX, = (id are (n > m). 


11.20. Regularity of a quasi-Hausdorff transformation. We 
have now to consider when the transformation (§*, 1) is regular. We 
suppose that yw, is a moment constant. 

Suppose first that yu, is totally monotone, so that y increases with ¢. 
Then in > 0 and 


Pee Z ll) [rw ornsen facgtyar= [ 


n>m 
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and (11.5.2) and (11.5.4) will be satisfied if and only if this integral 
converges and has the value 1. Condition (11.5.3) is satisfied auto- 
matically, since Ay, = 0 when m > n. Thus 


(11.20.1) fine | ox ae 


is a necessary and sufficient condition for regularity. 
In the general case it is plain that 


E Peal < [EX 


On the other hand, whenever > |A7,,,| is bounded, the function 
t 
Xi) | dx(u) 
u 
0 


(suitably modified at its discontinuities) may be obtained as the limit of 
X,(¢) = is 
= Xn 


where q tends to infinity through an appropriate sequence q,, and 
t 
We) = f idx(u)| 
u 
0 


is then obtained from |A*,,,| as X(t) is from 7. Hence we obtain 


TuEorEM 219. If u, is a regular moment constant corresponding to x, 
then the conditions 


(11.20.2) [= < 00, [2 =1 


are necessary and sufficient for the regularity of (9*, 14). 
11.21. Examples. (1) If x(t) is 0 for 0<t<a<_1 and a for 
a<t< 1, then (11.20.1) is plainly satisfied, and 
eS qntl, Any, = amt+l(]—a)"-™, 
In this case | 


t, == amt > (jJa—arm, 


n2>m 


= a3 sg-t(on-+ (1a) gag + ES (La) iat of. 


We are thus led to the ‘circle’ method (y,@) of §9.11. 
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(2) If y =#, pw, = (n-+1)-}, then 


(r An-m, — (” (n—m)! 1 
m Pm \m) (m+1)(m-+2)..(n+1) m1" 
The transformation is 
_. 8m Sm+i__, Sm+2 
bm = mtltmt2¢m43 
which is plainly not regular. The integral (11.20.1) diverges. 


(3) If x = W/(I+1), where 1 > 0, then 


l 
n+I+1’ 
(11.20.1) is satisfied, and the transformation is regular. In this case 

(M+1)8in41 
+ GFL I) (m-+1-F2) * 
+ (m+ 1)(M+2)8n+2 
(m+l+1)(m+1+ 2)(m+1+-3) 


nal fmrd:= 


(L211) ty, =e ae 


+o} 


In particular / = 1 gives 


Sm Sint 
(11.2.2) t, = (m+1 ment mest -} 


It may be shown that the transformations corresponding to different 
positive J are all equivalent, and that each is equivalent to (C, 1). 
There are transformations similarly related to (C,k) for any k > 0. 


NOTES ON CHAPTER XI 


§§ 11.1-3. The class of transformations X = 6u5 was first studied by Hurwitz 
and Silverman, 7'AMS, 18 (1917), 1-20, who identified it with the class of trans- 
formations permutable with H. They were concerned primarily with trans- 


f ti 
ormations a I+a, H+a,H?+..., 


where I is the identity and f(z) = > «,2" is an analytic function regular at the 
origin, and proved that the transformation is regular if f(z) is regular for 
je—3] < } and f(1) = 1. In particular they proved that the (H,k) and (C,k) 
transformations are regular transformations X. 

Hausdorff [(A), MZ, 9 (1921), 74-109] rediscovered the class A and developed 
the more complete theory set out here, in which the class is linked with the 
‘moment problem for a finite interval’. In particular he proved the fundamental 
_ Theorem 206. The proofs of this chapter are mostly derived from this paper or 
‘a later one [Hausdorff (B)] in MZ, 16 (1923), 220-48. An intervening paper in 
MZ, 9 (1921), 280-99, deals with generalizations in different directions. There 
is a concise account of the theory in Widder, ch. 3. 

§11.4. Theorem 200 was proved by Hurwitz and Silverman, l.c. supra. 

§§ 11.6—-7. Hausdorff (A). Hausdorff attributes the definition of a totally mono- 
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tone sequence to Schur. I have arranged the proof of Theorem 201 in accordance 
with suggestions of Dr. Bosanquet. 

§11.8. Theorem 203 is a generalization of the familiar theorem that the system 
1, x, x,... is ‘complete in LD(0,1)’. 

§11.9. Hausdorff (A, B) gave a number of proofs of Theorem 206. The proof 
here is substantially the first in (B), which is also given, in rather different form, 
in Widder, 101-4. The arrangement here has been prompted by suggestions of | 
Dr. Aronszajn and Dr. Bosanquet. , 

There is a proof of Helly’s theorem in Widder, 28-9. 

Hausdorff’s work is closely related to that of S. Bernstein and Widder on totally 
monotone functions. We may say. that f(z) is totally monotone in (0,00) if 
(—1)?f'?)(xz) > 0 for x > 0: thus e~* is totally monotone. It was proved by 
Bernstein that a necessary and sufficient condition for f(z) to be totally mono- 
tone is that 


co 
fla) = | e* dy(e), 
0 
where y(é) is increasing and bounded. This is easily deducible from Hausdorff’s 
theorem, but Bernstein’s work was independent and his methods different. We 
can also (though not quite so simply) deduce Hausdorff’s theorem from Bern- 
stein’s. For fuller information and references see Widder, ch. 4. 

§ 11.10. The main results of Rogosinski and Fuchs will be found in Rogosinski, 
PCPS, 38 (1942), 166-92, and Fuchs, OQJ, 16 (1945), 64-77. If T and T’ are 
regular § methods, then, in order that T’ should include T, it is necessary and 
sufficient that T’ = @T, where © is a regular § method. If T’ and T are any 
§ methods, T’ includes T, and p, ~ 0 except for a sequence (n;) of n such that 
¥ nz! < oc, then T’ = OT, where © is a regular § method. It is not known 
whether the condition on (n;) is the best possible, but Fuchs, PCPS, 40 (1944), 
189-96, has shown that the theorem stated for regular methods is not true for 
all methods without reservation. 

Hille and Tamarkin, PNAS, 19 (1933), 573—7, state a considerable number of 
more special theorems concerning inclusion. 

§11.11. The equivalence of (H,k&) and (C,k), for general k > —1, was first 
proved by Hausdorff (A), 89-90. 

There is an accurate discussion of the inversion formulae referred to at the 
end of the section in Burkill, PDMS (2), 25 (1926), 513-24, and Widder, ch. 2. 
We may be content to calculate p{*) and o{* formally and verify the results 
independently. This is easy for integral k, but rather more troublesome for 
general k. 

§11.12. For (11.12.3) see Titchmarsh, Fourier integrals, 30-1, or Widder, 
338-41. 

There is a full account of the Laguerre polynomials in Szegé, Orthégonal 
polynomials (New York, 1939), chs. 5 and 8. 

§§11.13-14. There is a fuller account of these logarithmic and exponential 
forms of jz, in Hausdorff (A). 

§11.15. See Hausdorff (B), 227-31. Hausdorff’s point of view is rather 
different. 

For the expansion of P,(2w—1) in powers of w (‘Murphy’s formula’) see 
Hobson, Spherical and ellipsoidal harmonics (Cambridge, 1931), 22, or Whittaker 
and Watson, 311-12. 
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The inverse of the last formula of the section is 
ma, die m(m—1)a, de 
Hm = map ome IV(m ER) t Ga Myr ER omF3) 

§11.16. There are fuller discussions of Theorem 215 and related theorems in 
Hausdorff (B), 233-40, and Widder, 109-13. For ‘weak convergence’ (an idea 
due to F. Riesz) see Littlewood, 45-9. 

§11.17. Hardy, JLMS, 18 (1943), 46-50. Hardy proves there that H(r) is the 
best possible constant. 

There is a full discussion of the Lebesgue-Stieltjes integral in Saks, Theory 
of the integral (ed. 2, Warsaw, 1937), ch. 3. The properties used in this section 
are stated in Inequalities, 152-7. The form of Minkowski’s inequality required 
is Theorem 201 of Inequalities (p. 148), restated for Stieltjes integrals in accor- 
dance with pp. 155-6. 

§11.18. For the general theory of continuous Hausdorff transformations see 
Rogosinski, PCPS, 38 (1942), 344-63, and Fuchs and Rogosinski, OQJ, 14 
(1943), 27-48. 

For (11.18.4) we must use Theorem 202 of Inequalities (again restated for 
Stieltjes integrals). . 

§11.20. The integral {e dx must again be regarded either as a Lebesgue- 
Stieltjes integral or as the limit of an integral over (e, 1). We require the theorem 


that 
 f ane) dy = f CE an(x)} dy 


whenever yx is an increasing function, a,(x) > 0, and either side is finite. This 
is a very special case of a theorem stated by Widder, 26, and proved by Saks 
(l.c. under § 11.17, 76-80). Here a,(x) is continuous for each n, and > a,(x) is 
uniformly convergent in any interval (e, 1), and it is easy to prove what is wanted 
on the basis of the more elementary definition. 

§ 11.21. Hardy, PCPS, 20(1921), 304-7, proved that the transformation (11.21.2) 
is equivalent to (C, 1), but this theorem is practically a special case of one proved 
earlier by Knopp. For generalizations see the papers of Hardy and Littlewood 
and of Knopp cited under § 6.7. 


XIT 
WIENER’S TAUBERIAN THEOREMS 


12.1. Introduction. In this chapter we return to the ‘Tauberian’ 
theorems whose general character we explained in §7.1. We have 
already proved a considerable number of such theorems, for example, 
in §§6.1-3, in Ch. VII (which was entirely occupied with them), in | 
§§ 9.6-7, and in §9.13; but our methods of proof have varied, and the 
different methods which we have used may seem at first sight to have 
little connexion with one another. Here we give an account of a general 
theory, due in the main to Wiener, which enables us to present most 
of these special theorems as parts of a systematic whole. 

We begin by restating Theorem 92, viz. 

(A) if s, > 8(A) and s, = O(1), then s, > s (C, 1). 

This is a typical Tauberian theorem which provides a suitable opening 
for our introductory remarks, but it is more convenient to use the 
integral analogue. The first hypothesis of (4) may be stated in any - 
of the equivalent forms 


1 
Ya r">s, (l—-r)Ss,7%>s8s, yd s,e>s8, 5 > Sy eo Ue —> 8, 
where 7 > 1, y > 0, > 00; and the conclusion is 
1 


- > 8 >8 
i NE 

The integral analogue is 

(B) if 

(12.1.1) ott F(t) dt > 1 

and F(t) = O(1), then e 

(12.1.2) =| F(t) dt >1, 

0 


and it is this theorem which we take as our text. 


It may be well to interpolate two remarks whose substance is all but obvious 
after Ch. VII: see in particular § 7.1. 

(i) Theorem (B) is the ‘corrected converse’ of the ‘Abelian’ theorem 

(B’) (12.1.2) implies (12.1.1), 
without any additional hypothesis on F(t). This theorem is simple: for if, as we 
may, we take / = 0, then 


t 
F(t) = F(u) du = o(t) 
0 
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implies [ trea = li et F,(t) dt = o(= | etext at) = 0(2). 


(ii) Theorem (A) is a trivial corollary of Theorem (B). For, if we assume (B), 
and take F(t) = s, forn < ¢t < n+l, then 
ntl 


: | e-t@ F(t) dt = > Sn | ett dt = (1—e7*) ¥ s,e-", 
n 


so that the first hypotheses of (A) and (B) are equivalent. Since the second 
hypotheses and the conclusions are obviously equivalent, (A) follows from (B). 
The argument is much the same as one used in § 7.2. 


The first hypothesis and the conclusion of (B) are each of the form 


(12.1.3) P,(F) : , | a(£)F@ dt +1 | Git) dt. 
In the hypothesis 
A)=G4Q=e4, [Gd =1, 
and in the conclusion 
Gt) = Gt) = 1 (0<t<1), 0 (>1), J Gx(t)at = 1. 
Thus (B) may be stated in the form 
(12.1.4) Po (Ff) . F(t) = O(1) > Po (F); 
and it seems likely that any theorem of this form will have important 


Tauberian consequences. 
If we make the transformations 


t =e’, x= é, F(et) = f(r), e7G(e") = g(—7), 


then 
* | ofZ\F0 dt = { er £G(er-£) Fler) dr = | g(é—r)f(r) dr, 
. 0 -o —o 
f G(t) dt = J g(—7) dr = i} g(r) dr. 
0 —@ — 0 
Thus, replacing € and 7 by z and #, (12.1.3) becomes 
(12.1.5) Pi(f): f g(x—t) f(t) dt > 1 | g(t) dt, 
where the range is now (—00,00); and (12.1.4) becomes 
(12.1.6) P(f) . f(t) = 01) > Bf), 


with appropriate g, and g,.t We are thus led to ask for general condi- 
tions on g, and g, under which (12.1.6), or a similar theorem with some 


{ Actually with 
git) = eter"; g(t) =e * (> 0), 0 (F< 0). 
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alternative condition on f, may be true. Wiener’s fundamental dis- 
covery is that there is a special condition on g,, which we shall call 
W(g,), and whose form we shall consider in a moment, which almost 
enables us to dispense with conditions on g,. His ‘key theorem’, in any 
of its forms, is a theorem of the type 


(12.1.7) Wg.) - Ff) . Rf) > F,,(f); 

where K(f) is a ‘Tauberian’ condition on f, and the conclusion is true, 
not for a special g,, or for g, restricted like g,, but for ‘all reasonable’ g,. 
It is no longer in general true that 


P9(f)—> Poi(f), 


so that the propositions contained in (12.1.7) for different choices of 
91; Jz are not all corrected converses of Abelian theorems, though they 
are still “Tauberian’ in a wider sense. We have already met a result 
of this character in Theorem 147. 


12.2. Wiener’s condition. The form of W(g,) is suggested by the 
theory of Fourier transforms of functions of the class L(—0co,00).f 
It is plain that P(f) implies P,(f) when 


ht) = ¥ raglan), 


and this suggests that the inference may be extended, with proper 
precautions, to A(t) of the form 


(12.2.1) A(t) = Jem | r(u)g(t—w) du. 


We are thus led to ask whether, given ag of L, an arbitrary h of L can 
be expressed in the form (12.2.1), with a kernel r also of L. 
We define the Fourier transform of a function r(t) of Z(—0oo,00) by 


(12.2.2) Rit) = Te5 | r(u)e du 


(and similarly with other letters for r and RA). It is familiar§ that, if 
g and r are L, and h is defined by (12.2.1), then hf is also L, and . 
H(t) = R(t)G(t). Thus if g and h are given, and we wish to express h in 
the form (12.2.1), we are led to define R(t) by 

_ A(t) 

0) 

{t Not by Plancherel’s more symmetrical theory for functions of L?(— 0, 0). 

t Here, and to § 12.7 inclusive, the limits, when not shown, are — 0 and oo. 


§ We state the theorems about Fourier transforms which we need more formally in 
§ 12.3. 


(12.2.3) Rit) 
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and r(é), in some sense, by the reciprocal Fourier formula 
(12.2.4) r(t) = res | R(t)e-™ du. 

It seems essential, if this solution is to be successful, that 
(12.2.5) Gt) = re | g(u)e™ du + 0, 


i.e. that the Fourier transform of g(t) must not vanish. 

We define W as the class of functions which (i) belong to L(—0o,00) 
and (ii) whose Fourier transforms do not vanish for any ¢, and we 
suppose that g, belongs to W. We shall then find (a) that any h of L 
can be expressed in the form (12.2.1), with an 7 of Z, and (6) that B(f) 
implies P,(f) for any bounded f. That the class W should intervene 
is, as we have seen, quite natural. What is surprising is that so simple 
a hypothesis as ‘g is W’ should be sufficient for so general a conclusion: 
one might naturally expect any theorem of this kind to be encumbered 
with more complex conditions on g, particularly in regard to the 
behaviour of G at infinity. (But see Corrigenda, p. 386.) 

Our main object now is to prove Wiener’s ‘key theorem’ in the form 


THEOREM 220. If (i) gis W, (ii) his L, and (iii) fis bounded, then P,(f) 
implies P,(f), 4.e. 


(12.2.6) J g(x—t) f(t) dt >1 J g(t) dt 
implies 
(12.2.7) f h(a—t) f(t) dt >1 J hit) dt. 


We shall deduce Theorem 220 from a theorem of Pitt, viz. 


THEOREM 221. Jf (i) g ts W, (ii) f is bounded and slowly oscillating, or 
real, bounded, and slowly decreasing, and (iii) P,(f), t.e. (12.2.6), is true, 
then f(x) > 1 when x -> 00. 


Here we use the terms ‘slowly oscillating’ and ‘slowly decreasing’, 
not as they were used in § 6.2, but in the alternative sense, appropriate 
to the interval (—0oo,00), referred to in the note on § 6.2: the connexion 
between the two senses will become clear in §12.8. We say now that 
f(x) is ‘slowly oscillating’ if 
(12.2.8) f(y)—f(x) > 0 
when 


(12.2.9) y> x, x->0O, y—x —> 0, 
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and ‘slowly decreasing’ if it is real and 


(12.2.10) lim{ f(y) —f(«)} > 0 
under the same conditions. Thus f(x) is slowly oscillating if f’(z) = O(1), 
and slowly decreasing if f’(x) > —H. It will plainly be sufficient to 
prove Theorem 221 for real and slowly decreasing f. 


12.3. Lemmas concerning Fourier transforms. We shall use the 
following theorems concerning Fourier transforms of functions of L: 
the proofs of the first three will be found in any of the books on the 
subject. We write ‘G ~ g’ for ‘G is the transform of g’. 


THEOREM 222. If gis L,and G ~ g, then G is continuous and bounded. 
THEOREM 223. Ifgis Land G ~ g, then 


g(t) = eS i G(u)e-* du (C, 1), 


os 
° =e F 1 | w| ilu 
1.€. g(t) =e Jz) J ( — Fame it du, 


for almost all t. In particular, if G is null, then g 1s null. 


Actually we need this inversion formula only for the sake of the 
corollary in the last sentence. 


THEOREM 224. If g and rare L, then 


h(t) = 655 | r(u)g(t—u) du 


is L, and A(t) = R(t)G(). 
THEOREM 225. If P~ p, Q ~~ q, then 
(12.3.1) P(t—c) ~ e-pi(t), 
e~tdt , 
(12.3.2) P(t—c)Q(t) ~ Jan) | plt—u)q(uje du, 
and 
(12.3.3) 


1 
PU-4Q)—Q10)} ~ a | (lt—u)—pUO}atape'se-? ds 
Of the last three formulae, (12.3.1) is obvious, and (12.3.2) follows 
from (12.3.1) and Theorem 224. As regards (12.3.3), we have 


P(t—c)Q(c) = “ie : | q(u)eu du~ | p(t)g(u)ete— da. 


by (12.3.1), and (12.3.3) follows from this and (12.3.2). 
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12.4. Lemmas concerning the class U. We denote the class of 
transforms of functions of Z by U; and if 


1 : 
G(t) = a5 | ujet du, 
where g is L, then we write 
1 
U8) = T35 | u)| du. 
() = Ta | la 
Plainly |G(t)| < U(@) for all real ¢. 
THEOREM 226. If G, and G, are U, then G,+G, and G, G, are U, and 
U(G+G,) < UG)+UG), U(G, @,) < U(G%)U(G). 
This is obvious for G,+G,. As regards G, G,, it is the transform of 


1 
Re) = Ta | oul —wga(u) de 
by Theorem 224; and 


UG, 4) = 55 [ IML dt <5 [ at | lasle—wpllaten| 


x 55 { 'ga(u)| ine | Igat—u)| du = U(G,)U(G). 


THEOREM 227. If G, and G, are U, and U(G,) =d <1, then 


U(H)< 
Since |G,| < U(G,) =d <1 
H => (—17@, 62 = 5 (—1)"H,, 
say, and H, is U, by Theorem 226. If H, is the transform of h,, then 


N 1 N 
p (—1)"H, = Jan) i 2 (—1)"h, (u)e™ du. 
Now U(H,) = rea | lh, | du < U(G,){U(G,)}" = dU (A), 


< 2) 
—d 


by Theorem 226, and 


when UM and N tend to infinity. It follows (by the theory of ‘strong 
convergence’ of functions of ae that there is an h of L such that 


Ja) J 


N N 
< ¥ U(H,) < UG) Far > 0 


du —> 0, 


>", 
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and that {1/,/(27)} f he du is 


l N re 
lim ——— —])r itu — jj n nm 1_ —. Wf, 
Pe sa55 | > (—1)*h,, edu _ > (—1)"G, Gf = i+G, H 


Thus H is U. Finally, 
— 


1 N 
O(H) = lim ——. = Moa 
Our last lemma concerns special functions which will be important 


in the proof of Theorem 221. We define p(t) by 
pt) = 1—|¢| ([é] <1), 0 (lé] > 1). 


Then 


PW = Tam J (fue du =, /() I = Joa) 


Both p(t) and P(t) are L, and they are transforms of one another, so 
that each is U. We shall also write 


(12.4.1) ii) = (5), Ky(t) = 2AP(2At) = (Cle 


for every positive \. Then K, and %, are transforms of one another and 
both functions are U. 


THEOREM 228. If q,(t) 1s defined by 


(12.4.2) gt) =1 (lth <o, 2H! (e <|e] < 20), 0 (It) > 20), 


then the transform of q,(t) 18 
(12.4.3) Q.(t) = J (- a 


et? 


Al a< 
s0 Jom | 120! 
(so that q, is U), and 
J 1@¢—y)—O.()| dé > 0 


when y is fixed and «> 0. 


Here q,(t) is the ‘trapezoidal’ function indicated in Fig. 3, and 
q(t) = 2k.(t)—k,.(t), from which (12.4.3) follows immediately. Next, 


am J IMetoae <2 f Setar + [SP 


4780 U 
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Finally, if Ct) = i Gn ss 
7 


then Q,(t) = «C(et), Cis L, and 
J 1Qe¢—y)—Q.(t)| dt = € f |O(ct—ey)—O(et)| dt = { |C(u—ey)—C(u)| du, 


which tends to 0 with e. 


a Na 


-2e -€ 0 € 2€ “2A -2A+3€ 
Fie. 3. Fig. 4. 


12.5. Final lemmas. Our last two lemmas (the first of which is a 
theorem of importance in itself) contain the kernel of the proofs of 
Theorems 221 and 220. 


THEOREM 229. If g is W, h is L, and H(t) = 0 for |t| > 2A, then 
HA (t)/G(t) is U. In particular this is true when H(t) = k(t). 


That is to say, if G and H are transforms of functions of L, G does 
not vanish for any ¢, and H vanishes for all ¢ outside a finite interval, 
then H/G is the transform of a function of L. 

We divide (— 2A, 2A) into NV equal intervals by the points 


to = —2A, t, = —2A+38e, ..., t, = —2A+3me, ..., ty = 2A, 
« being chosen so that 3Ne = 44. Then 
N 
2 Gelb be =1 


for |t| < 2A (as is apparent from Fig. 4, in which the vertical lines are 
at equal distances «). Thus 


(12.5.1) an = > gn ee = s Xnlt), 


say, for |] < 2A. Since G(t) ~ 0, and H(t) = 0 for |t| > 2A, this equa- 
- tion holds for all ¢, and it is sufficient, after Theorem 226, to prove that 
Xn is U for each n. We shall prove that this is so for sufficiently small e. 
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We have Git) = Gt, ) +{G()— G(t,) }q2-(¢—t,) 
if |t—t,| < 2e, since then q,.(é—t,,) = 1; and 


. q.(t—t,,)H (¢) = 0 
if |t—t,,| > 2e. Hence 


x (é) = q-(t—t,,) H(t) =_ G, G, 
— 0) = GE) HG — Cl, \aa@—t,) — 1G,’ 
a) =14—)— ay =H, — G,(t) = POE) g, t—-4,). 


~G(t,) ’ G(t,) 
Here G, G,, and G, are U, by Theorems 226 and 228; and it is suffi- 
cient, after Theorem 227, to prove that 
(12.5.2) UG) = ay aay ——_ UL{G(t)—G(t,)}2e(t—t,)] <1 
for sufficiently small «. 
Now y(t) = a (Q(t) Qty) }aclt—ty) 


. is the Fourier ee of 
aay | (act—w)—Qalacupetse- du, 
by Theorem 225 (12.3.3). Hence 
Ui) = ge [atl f {Qaclt—m)— Quoted 


2S dt | | Qaelé—t) —Qo¢(t) |] g(w)| du 


= 5, | laeol du J 1@ect—n)— Qt a 


in 


The inner integral here is bounded, and tends to 0, for any fixed w, 
when ¢«-> 0, while g is L. It follows that U(y) > 0 when «> 0. Also 

| @(t)| has a positive lower bound p in (—2A, 2A), since G(¢) is continuous 
and does not vanish, and so U(G;) < pU(y) > 0. It follows that 
(12.5.2) is true for sufficiently small «, and this compliers the proof of 
the theorem. 


THEOREM 230. If 
1 __ 1 f sin?A(x—1t) = 
(12.5.3) Jan) | Ky(x—t) f(t) dt = = NVe_pe TY dt > l, 


for every positive d, or for some arbitrarily large A, when x -> co, and f(t) ws 
bounded and slowly oscillating, or real, bounded, and slowly decreasing, 
then f(x) > L. 
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We may suppose f(t) real and slowly decreasing, and /=0. If 
f(x) / 0, then there is a positive 5 such that one of f(z) > 6 and 
f(x) < —8 is true for arbitrarily large x: let us take, for example, the 
first hypothesis. Then, since lim{f(y)—f(x)} > 0 if xo, y > 2, and 
y—x —> 0, there are an 2) = 2,(5), as large as we please, and an 7 = (9), 


such that HO) SB <u <t<a+2n). 
If € = x+7, and M is the jipper bound of | f|, then 


sin nne—t = ("sintA(e—2) = sin’A(¢ en 
ry ue —oe 10% Me “eo us Je 


_o  sin?ho 5 _ 2M (sin?Aw 4, 
uz Au2 


The first integral here tends to 47, the second to 0, whenA-0oo. Hence 
1 f sin?A(é—2) 
_ t) dt ) 
-| ep (Ou>t 


for sufficiently large A and arbitrarily large €, and 


—— 1 [{ sin?A(x—t) 

-— | — ~~ 
bm} ape TH at > 0 
in contradiction to (12.5.3). We can prove similarly that the hypothesis 
f(z) < —6 leads to a contradiction, and the theorem follows. 


It is essential that the hypothesis (12.5.3) should be satisfied for arbitrarily 
large A. The Fourier transform k,(¢) of K,(t) vanishes for |¢| > 2A, so that 


J K,(a—t)e*t dt = 0 
for c > 2X. Thus (12.5.3) is true (with 7 = 0) when f(t) = e** and c > 2A; and 
f is slowly oscillating but does not tend to 0. 


12.6. Proof of Theorems 221 and 220. It is now easy to prove 
Theorem 221. Wemay suppose f(é) real and slowly decreasing, and / = 0. 
By Theorem 229, k)/G is UV, i.e. 


E(t) 
Gi(t) 
where r, is L. Hence, by Theorem 224, 


— Mg [ gu 
i) = BAO ~ Jam | l—wrate au 


and, by Theorem 223, for almost all x, 
1 
K(x = 355] x—u)ry)(u) du. 


~™ ry(t), 
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Hence 


p(x) = | Kyle—f dt = To | fo ae f ol@—t—uyn(u) au 


= 85 | ry(u) du | g(a—t—u) f(t) dt, 


the inversion being justified by Fubini’s theorem. The inner integral 
here is bounded (since g is L and f is bounded), and tends to 0 (by 
hypothesis), for each u, when x 00; and r, is ZL. Hence p(x) > 0 for 
every A, and f(z) > 0, by Theorem 230. 

It is also easy to deduce Theorem 220: we may suppose! = 0. We 
are given that g is W, that h is DL, and that f is bounded. If 


m(x) = | hw—t)f(t) dt, 
then plainly m is bounded. Also 


m(y)—m(x) = [ {h(y—t)—h(a—t)} f(t) dt, 
|m(y)—m(c)| < M | |hy—t)—h(e—t)| dt = M [ |h(y—a—u)—h(—u)| du, 


where M is again the upper bound of |f |. It follows that m(y)—m(zx) > 0 
when x > 00, y—z > 0, ie. that m(x) is slowly oscillating. 
Also 


g(x—t)m(t) dt 
= | o(e—t) dt [ ht—w)f(u) du = f flu) du f g(a—tyh(t—w) dt 


= | fe) du J g(x—u—w)h(w) dw = f 2) dw | fw g(@—u—w) du 


(the inversions being again justified by Fubini’s theorem). The inner 
integral is bounded, since g is L and f is bounded; and, by hypothesis, 
it tends to 0, for each w, when z—>0o. Alsohis L. Hence 


J g(a—t)m(t) dt > 0. 


But m(zx) is bounded and slowly oscillating, and, therefore, by Theorem 
221, m(x) > 0, which is (12.2.7). 


We have deduced Theorem 220 from Theorem 221. It is also easy to deduce 
Theorem 221 from Theorem 220, but it will be more convenient to prove this in 
§ 12.8, when we have put the theorems in forms appropriate to the interval 
(0, 00). 
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The condition that G(t) 40 is in a sense a necessary condition in both 
theorems. If G(c) = 0, H(c) < 0, and f(t) = e~**, then 


f g(a—t) f(t) dt = f g(u)f(z—u) du = e-iex { g(uje" du = 0 
for every x, but J h(x—t) f(t) dt = e-**H(c) 


does not tend to 0. Thus the condition is necessary in Theorem 220. Since e-*? 
is also slowly oscillating, the same choice of g and f shows that the condition is 
necessary in Theorem 221. 


12.7. Wiener’s second theorem. There is a second theorem of 
Wiener, concerning Stieltjes integrals, which is also deducible from 
Theorem 221. We shall make less use of this theorem than of Theorem 
220, but it is important theoretically because it can be applied directly 
to infinite series. We must begin by defining a new class of functions 
included in and narrower than L. 

We shall say that g(t) is / if it is continuous, and 


(12.7.1) > max (g(t)| <0 


n<i<nt+1 
(the sum running from —oo to 00). It is plain that any g of M is L, 
and that (12.7.1) is equivalent to 


(12.7.2) > max lg(t)| << 
an+b<i<a(n+1)+6 


for any fixed a (not 0) and b. If g is M, and its transform G does not 
vanish for any t, then we say that g is W*: W* is a subclass of W. 

Finally, we consider Stieltjes integrals of the type f f(t) da(t), where 
a(t) is of bounded variation in any finite interval of ¢, and 


; t+1 
(12.7.3) { \da(u)| < H. 
t 
THEOREM 231. If (i) g 1s W*, (ii) h is M, (iii) « satesfies (12.7.3), and 
(12.7.4) | g(a—t) dot) > 1 | g(t) dt, 
then 
(12.7.5) | h(ax—t) do(t) > 1 J h(t) dt. 


We suppose again that / = 0, and now write 


mx) = J h(x—t) da(t). 


Since 
n4+1 


[ oe—a|lda(t)l = f 1A) |Idete—u)| = & f (a) |Idale—x)| 


nt 


1 
<_ max [h(u)| { |dole—u)| < HY max |h(w)], 


n<xugntl bs n<u<ntl1 
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m(x) is bounded. Next, 


m(y)—m(z) = { {h(y—t)—h(w—t)}dalt) = f {h(y—2-+t)—(t)} da(x—t), 
n+1 


|m(y)—m(a)| <> | |oy—x+t)—h(t)||da(e—t)| 


< HY max |h(y—x+t)—hii)|. 
1 


n<t<n+ 
The last series converges uniformly for |y—z| < 1, since 
> max |h(t+7)| 
n<t<nt+1 
converges uniformly for |r| < 1; and each term tends to 0 when x +00, 
y > x, and y—2x — 0, since A(t) is continuous. Hence m(y)—m(x) > 0 
under these conditions, and m(z) is slowly oscillating. Finally, 


J g(a—t)m(t) dt = J g(a—t) dt J h(t—u) da(u) = f do(u) J g(x—t)h(t—u) dt, 
the inversion being justified by the convergence of 


f lg@e—e)l de { |a(e—u)||de(u)|; 
and this is 


J da(u) J g(z—u—w)h(w) dw = f h(w) dw f g(x—u—w) da(u). 


The inner integral is bounded and tends to 0, for each w, when z > 0; 
and h is M and a fortiort L; so that 


f g(x—t)m(¢) dt + 0. 


It now follows from Theorem 221 (as in the proof of Theorem 220) that 
m(x) > 0. 

Theorem 231 has the advantage mentioned at the beginning of this 
section, but we shall use it comparatively little. It will usually be more 
convenient to bring our problems, by some preliminary transformation, 
into a form adapted for the application of Theorem 220 or Theorem 221. 


12.8. Theorems for the interval (0,00). We now modify our 
fundamental theorems by an exponential transformation. They then 
become theorems concerning functions defined over (0,00), and it is in 
this form that they are usually most convenient for application. 

We put, for a moment,t 


e=—£ e¢=7, f(t) = F(e) = Flr), g(—t) = €G(e) = rG(r), 


t+ Abandoning the use of capital letters for Fourier transforms. 
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so that f g(t) dt, f g(x—t) f(t) dt, f oer at 


r Lf a(t P icy -te ge 
become J eee : J a5) Fear, J G(r)r-t dr. 


We then replace ¢, 7, F, and G by 2, t, f, and g, and the result is as 
follows. The class of functions g of L(—0co,00) becomes the class L(0,00). 
The class W becomes the subclass of (0,00) for which 


(12.8.1) f g(t)t- dt ~ 0 


for any real x: we still call this class W. The class of slowly oscillating 
(decreasing) functions f becomes the class which is slowly oscillating 
(decreasing) in the sense of § 6.2, i.e. the class such that 


lim{fy)—f(@)} = 9 — [lim{ f(y) —f(@)} > 9] 
when x> 0, y > 2, yfe—>1. 
Thus Theorems 220 and 221 become 
THEOREM 232. If gis W, his L, f is bounded, and 


(12.8.2) , | a(7\NO at >! | g(t) dt, 
then 
(12.8.3) : | {iso ae >! | h(t) dt. 


THEOREM 233. If g is W, f is bounded and slowly oscillating, or real, 
bounded, and slowly decreasing, in the sense of § 6.2, and (12.8.2) is true, 
then f(x) + l. 


Here the limits are 0 and oo. Generally, when integrals are written 
without limits, the limits will be —oo and oo if the integral involves 
x—t or e, 0 and oo if it involves t/x or t-*. 

To obtain the analogue of Theorem 231, we put 


J edo(t) = A(e), 


and then replace A by a, when (12.7.3) becomes 


et 
(12.8.4) jae < H. 
t 
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The class M becomes the class of continuous @ for which 
> max |tG(t)| <o. 


e*<t<e"t} 
Hence, using M in this sense and W* in the corresponding sense, we 
obtain 


THEOREM 234. If (i) g is W*, (ii) h is M, (iii) « satisfies (12.8.4), and 


(12.8.5) : | a( =) date) > 1 | g(t) dt 
then 
(12.8.6) : { {=| da(t) > 1 { h(t) dt. 


Finally, we observe that if 
t= es; t= aia f(t) —- F(z), g(t) = 7?G(r), 
then 


f amae— [ eerar, a (=)/e) ae = 7] a(3)re ae, 


and that the classes of functions occurring in the theorems are un- 
changed. Hence 


THEOREM 235. The results of Theorems 232 and 233 remain true when 
xz tends to 0 instead of to co in hypotheses and conclusion. 


We can now see how (as was stated in §12.6) Theorem 221 may be 
deduced from Theorem 220. It is the same thing to deduce Theorem 233 
from Theorem 232. If f(t) is bounded, and wetakeh(t) = lforO <t<1, 
h(t) = 0 for ¢ > 1, then it follows from Theorem 232 that 


(12.8.7) = | fae l. 
0 


If also f(t) is slowly decreasing, then it follows from the integral 
analogue of Theorem 68 of §6.2 that f(x) — I. 


12.9. Some special kernels. The following special choices of g(t) 
are particularly important: the first is for (—0o,00), the rest for (0,00). 


(1) g(t) =e (¢ > 0): J eae = J@ e-wilte X Q, 
(2) g(t) = e+: J g(t)t- dt = T(1—ix) #0. 


- tx _ 1 
(3) gf) =1(0<t<1), 0 (¢>1): [ oot dt = #0. 
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(4) g(t) = Wt)? (0<t<1), 0(¢>1); k>O: 


Tk+DI(1—iz) 


1 
J g(t)t- dt = k | (1—tyF-4-# dt = EL) 


# 0. 


sint 


(5) g(t) = ry: : { g(t)t- dt = 12° (—1—iz)sinh ima  0.F 
(6) g(t) = ee y: ; | g(t)t-* dt = 1421+**T'(— 2—ix)cosh dra 4 0.T 


d{ te 
(7) If g(t) = alte) 
then 
| aces3at = (iz—8) { —— Spin = (1a—8)T'(1—i7+8)(1—ixz+8) 
for 5 > 0, x ~ 0; and so, Sense 
J g(t)t- dt = iaT'(1—ix)£(1—izx) 
for x ~ 0. If = 0 then the value is —1. Thus the assertion that g(t) 
is W is equivalent to the theorem that ¢(1—ix) + 0. 
(8) Finally, we suppose g,(t) = [t-1] and 
g(t) = 2go(t)—ago(at) —bg9(bt), 
where a and 6 are positive and log a/log 6 is irrational. The kernel g,(é) 
is not L, since tg,(t) > 1 when ¢ > 0, but 
90) =. P+ (1) = O(1) 
for small ¢, and g(t) = 0 for as t, so that g(t) is ZL. If Rs > 0 then 
vols) = f goltyerdt = f [e-*}rdt = [[u]u-*-2du 


~—s—1__9-8- —8-1__3~s- o(1-rs) 
(Le 2) (2-8 FB 3-9) fd Is” 


== 
1 
y(s) = J g(t)isdt = (2—a->— p-») FS) te). 


This equation has been proved for Rs > 0, but both sides are regular 
for Rs > —1, so that it holds for all such s, and in particular for 
$ = —12x, where x is real. Finally, y(0) = log eree ~ 0, and 


y(—tx) = (2—e*loga__gixlogb) at =) + 0 


+ In (5) and (6) we must take the limiting values 47 and —1 when x = 0. 
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when x # 0, because loga/log 6 is irrational and £(1—iz) 4 0. Thus 
g(t) is W. 

Tt will be seen that, in the last two examples, the assertion that g(t) 
is W is equivalent to the theorem that £(s) does not vanish on the line 
«= Rs = 1. This naturally suggests that the corresponding cases of 
our theorems will prove important in the theory of the distribution of 
primes. 

The functions (1)-(7) are plainly all L, and so (1)-(8) are all W. It is 
also plain that the function (1) is M@. Finally, if g is continuous, and 
O(t-1-5), where 8 > 0, for large é, then 

~-1 


> max lg) | <HS& <0, 


—-@ e™<t<etth 
>) 
0 


Hence the functions (1), (2), and (5)~(7) are M, while (4) is M if k > 1, 
but not if k < 1, since then it is discontinuous. 


max lég(é)| < HS <0. 


e” 


12.10. Application of the general theorems to some special 
kernels. We now apply our theorems to some of the kernels of § 12.9. 


(1) If 
gt) =e h(t) = k—tk* (0<t< 1), At) =O (> )), 
and k > 0, then Theorem 232 gives 


=| e-tef(t) dt+1 . f(t) = O(1) > al (x —t)-4f(t) dt -> 1, 


ie. fit) >1 (A) . f() = 0) + f) +1 (C2). 


The special case k = 1 is Theorem 92a. We saw in Ch. VII how we 
could deduce all the theorems of §7.5 from Theorem 92, of which 
some are direct generalizations, and this leads us to ask whether 
there are corresponding extensions of Wiener’s general theorems. In 
particular, is it possible (at the price, no doubt, of further restrictions 
on g) to replace the condition that f(t) is bounded by a one-sided condi- 
tion f(t) > —H? We come back to this question in § 12.12. 

If we take g = k(1—1t)*-! and h = x«(1—1t)*-!, where 0 < x < k, for 
té< 1, and g = h = 0 fort > 1, we obtain 


f(t) >1 (C,k) . f(t) = O11) => ft) > 1 (C,x). 
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If « > &, the inference is Abelian and no secondary condition on f is 
wanted. It is easy to deduce that 

f(x) = O(1) (C, ky) . fle) +1 (C, hy) > f(z) > 1 (C,#) 
for —1<k,<k < k,: this is the form assumed by Theorem 70 for 
functions of a continuous variable. 

(2) If we take g(t) = e~ in Theorem 233, we find that if f(¢) > 1(A), 
and f is bounded and slowly decreasing, then f +1. This is an imperfect 
theorem (though in no way a trivial one), since, after Theorem 105, the 
condition of boundedness is unnecessary. This leads us to ask whether 
(again probably at the expense of some restriction of g) it may be 
possible to get rid of the condition of boundedness in Theorem 233. 

It is worth while to consider in this connexion why a condition of 
boundedness is unnecessary in Theorem 106a. We obtained this theorem 
in Ch. VII as the climax of a rather intricate chain of reasoning, and 
we consider here only the simplest case, in which f’(t) = O(t-"). Then 
the simple argument of §7.2 proves 

f= O(1) (A) . f’ = Of) > f= 0(1); 
and so ‘f bounded’ appears at once as a rather trivial consequence of 
the other hypotheses. 

We cannot expect to answer the question so easily for a general g 
and a less heavily restricted f: but in § 12.13 we shall prove a theorem, 
due substantially to Vijayaraghavan, which answers it under fairly 
general conditions. 

(3) If we suppose k > 1, and take 

ga e, h=k(1i—t)F-? (¢ <1), h=0 (¢>1), 


in Theorem 234, we obtain 
ea x 
1 “ge |dox(u)| k | __f)k-1 
~fe da(ty >t. | IH <H +4 [ (e—otdalt) +1. 
t 0 


We cannot take k = 1 because then h, being discontinuous, is not M. 
If now a(t) = s,+8,+...+8, forn <t<n-+1 we obtain 


ed 
$e) oy SH Ho STOR 
t 


for k > 1. The second hypothesis is satisfied, in particular, if s, is 
bounded. We are thus led directly to a theorem about series, a little 
more general than Theorem 92 in one way, but weaker in that it asserts 
summability for k > 1 instead of for k = 1. We can prove summability 
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(C,1), or summability (C,&) for any positive k, when 8, 18 bounded, 
by combining the theorem with Theorem 70. In this case there is no 
particular advantage in using Theorem 234 instead of Theorem 232; but 
for other g the passage from integrals to series may be less immediate. 

(4) It is natural, after §4.17 (where we were concerned with the 
similar definitions for series), to express the hypotheses 


2 f sin®yt sin yt\? 
(12.10.1) =| ae fod >t, (12.10.2) If 7 J'Fle)at > 


when y > 0, by 


ft)>1 (By), — f flat =1 (RB, 2) 
respectively. If we choose g(t) as in §12.9(5), we obtain 
St) >1 (Ry) . f(t) = O11) > fi) +1 (C,&) 
for any k > 0. The reverse implication, with R, and (C, k) interchanged, 
is also valid: the R, and (C, 4) methods are equivalent for bounded f. 
We shall see in § 12.12 that, when k = 1, the condition of boundedness 


may be replaced by the one-sided condition f > —H. 
Theorem 233 gives 


‘f>1 (R,) . f is bounded and slowly decreasing —> fr: 


this also follows by combining what we have just proved with Theorem 
68a (§6.2). We shall see in § 12.14 that the condition of boundedness 
may be dropped. 

Theorem 234 gives 
(12.10.3) 8, > 8 (Rg) . 8, = O(1) — 8, > 8 (C,k) 
for k > 1. We may get rid of the restriction k > 1, as under (3), by 
use of Theorem 70. | 

It will be observed that in none of these cases is the full truth 
revealed immediately by one of the ‘key theorems’: a supplementary 
argument, depending on intrinsically simpler theorems, is necessary in 
each case. And all the results may be proved by other methods. Thus 
Sz4sz, using Theorem 94, but without appealing to any of Wiener’s 
theorems, proved that 


. 4 Die ag 7 ee | _ 

lim — >, sin 4n0 =1 . nb, > —H > lim 5D, a, 
and Hardy and Rogosinski afterwards proved this and the reverse 
implication still more simply. If we replace @ by 2y and nb, by Sn» We 
obtain (12.10.3), with the one-sided generalization. 
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Again, we shall see in Appendix III that summability (R,) implies 
summability (A), without any reservation on the sequence or function 
considered. We shall then be able to deduce any of these Tauberian 
theorems for R, from its analogue for A. 

(5) The hypothesis (12.10.2) is not, as it stands, one of Wiener’s 
type. If, however, 


t 
F(t) = | flu) du = off) 
0 
for large t, then partial integration gives 


| A) 10 di=y { g(yt) F(t) dt, 


where g/(é) is, apart from sign, the function of §12.9(6). We shall see 
in Appendix ITI that the convergence of } n-*sin’nya,,, for all small y, 
implies that of > n-%a,, and a fortiori implies s, = o(n*). If we take 
this, and the corresponding theorem for integrals, for granted, then 
Theorem 232 gives 


fol (B,2).f=O(1l) > fl (Cb, 


and similar questions about possible generalization present themselves. 
We shall see in §12.16 that these are less simple for this g(é) because 
it is not of constant sign. We shall, however, prove in Appendix III 
that summability (R, 2) always implies summability (A), so that the 
Tauberian theorems for (R,2), like those for R,, may be deduced 
from those for A. 

We end this section by two general remarks. 

(a) It will often happen that the result given by Wiener’s theorems 
is one which may be proved more simply by other methods: this is true, 
for example, of all the theorems of Ch. VII, and of the theorems referred 
to under (4) above. The merits of Wiener’s method lie in its great power 
and generality, and the light which it throws on the whole subject; 
not in simplicity. 

(6) There will be a complex of Tauberian theorems associated with 
any particular kernel g(t) and connected by relations of varying simpli- 
city. One of the Wiener theorems concerning g will ‘hit the map’ in 
a particular place, which will not always be just the place we want. 
It will usually be possible to pass from one spot on the map to another 
by comparatively simple arguments; and it is usually easier to do this 
than to strain for variations of the general theorems, though such 
variations have often considerable intrinsic interest. 


12.11] WIENER’S TAUBERIAN THEOREMS 303 


12.11. Applications to the theory of primes. One of the out- 
standing applications of Wiener’s theorems is to the theory of prime 
numbers. It had long been familiar that the ‘prime number theorem’ 


x 
(12.11.1) (2) nee 
was ‘roughly equivalent’ to the theorem (first Bae by Hadamard 
and de la Vallée-Poussin) that 


(12.11.2) C(l-+ir) #0 
for any real r. Wiener’s theorems enable us to present this equivalence 
in a much sharper form than was possible before. All previous proofs 
of the prime number theorem took from the theory of {(s) not merely 
(12.11.2) but some stronger result such as 


[S(1+-ér)| > H(log |r|)-* 


for large |r|. 
It is known that the prime number theorem is equivalent to 
(12.11.3) h(x) = 2 A(n) ~ 2, 


and also (though the proof of this is less familiar) to 

(12.11.4) M(x) = es p(n) = 0(2x).F 

We shall deduce (12.11.4) from a 233 and (12.11.2). We choose 
g(t) as in §12.9(8), and 

(12.11.5) f®) =t3 Mi). 

We saw in § 12.9 that g is W, and it is obvious that f is bounded. Hence, 


if we can prove (i) that f is slowly oscillating and (ii) that f and g satisfy 
(12.8.2) with J = 0, then (12.11.4) will follow from Theorem 233. Now 


fy)—f@) ==Y_ AO) — Swe + mn (-—2) 
“1 y—a Mly) _ 
ar Pe eer 7 oft =) = o(1) 


when «> 00, y/x > 1. Thus f is slowly oscillating. Finally, 


folejroa- FEM f [E15 ao}f— > wom [4 


mazlt nxt 


= > y(n)log— = 2 log ~ Do p(n) = logx = o(z), 


MN<z one 


+ For the definitions of A(n) and p(n) see Hardy and Wright, Chs. 16-17. We shall give 
the deduction of (12.11.3) from (12.11.4) in Appendix IV, 
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since the inner sum is 0 unless g = 1, and then it is 1. Hence 


| o(z)iae—2 | ae(=)s09 ur—a lg (z ‘i at—b | n(z ft dt-=o(2), 


which is (12.8.2) with 1 = 0. We thus obtain (12.11.4) and the prime 
number theorem. 


12.12. One-sided conditions. In this section we show how it may 
be possible to replace the condition that the f(t) of Theorem 232 is 
bounded by the more general condition 
(12.12.1) f) > —d. 

We confine ourselves for simplicity to the most important special case, 
in which A(t) is the g(t) of §12.9 (3); and we shall find it necessary 
to put additional restrictions on our present g(t). 

THEOREM 236. [If (i) g is W, (ii) g > 0 for all t, (iii) there are positive 

numbers c and K such that 


(12.12.2) g(t) > K 
for 0 <t<e, (iv) f satisfies (12.12.1), and (v) f and g satisfy (12.8.2), 
then f(z) > 1 (C,1). 


_ We may suppose (adding H to f) that f > 0, and that J g(t) dt = 1. 
We write 


(12.12.3) Gay =f t) dt, 
so that : 

(12.12.4) o'(x) = {f(x)—o(x)}/x 
for almost all x. Then 


a (; =) A )dt > — Efi dt = Keo(cx) > 


The left-hand side tends to a limit are x —> 00, and is therefore bounded 
for large x. Thus o(x) is bounded for large x, and therefore for 2 > 1. 
If o(x) < p for x > 1, then, by (12.12.4), 


o'() > —a-tol(e) > —px- 


for almost all > 1. Hence a(x) is slowly decreasing. Next, 


J g(u) f(au) du > 1 


and 0 : | dy | g(u)figu)du > I. 
0 
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But the left-hand side is 


= f aw) du f F(yu) dy = | g(u) ‘a {s in| du 


1 t 
= =—_- ay t. 
i g(u)o(xu) du = | a(:) oa(t)d 
Hence the last integral tends to 1. Applying Theorem 233, with o for f, 
we find that o(x) > I, i.e. f(x) >1(C, 1). 
sin t\? 


The conditions are satisfied, for example, if g(t) is e~ or (=) . The 
_ first case gives Theorem 94a, while the second gives 
THEOREM 237. If f(t) >1(R,) and f(t) > —H, then f(t) > 1(C, 1). 


This, together with the corresponding result with R, and (C, 1) inter- 
changed, is the theorem of Wiener referred to in § 12.10(4), and proved 
otherwise by Szasz and by Hardy and Rogosinski. The conditions of 
Theorem 236 are not satisfied when g(t) is the kernel of § 12.9(6), associ- 
ated with (R, 2) summability, since this g(¢) is not of constant sign. 

Theorem 236, unlike Theorems 232 or 233, is one with a specialized h, 
but this is not a serious disadvantage, since it is usually possible to 
deduce (12.8.3), with whatever h we may require, from the existence 
of the (C, 1) limit. The theorem is not true for all g of W: some additional 
condition on g is essential. Suppose, for example, that 


g(t) = 1—2log= (0<t<1), 0(>)). 
Plainly g is L, and 


vagy 1 2d 
| ae sali Rams (1—~ix)? aye 


so that gis W. If f(t) = t, then f > 0 and 


x 1 
] t ] x 1 
= | o(ghfoae == | (1—2log «ae = z { (121087) u du = 0, 
0 0 


but f(x) > 00 (C, 1). 


12.13. Vijayaraghavan’s theorem. Our next theorem is of a 
different kind and does not depend upon the theory of Fourier trans- 


forms. 
4780 x 
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We are led to it by a remark which we made, in §12.10(2), about 
the applications of Theorems 232 and 233. These theorems depend on 
the hypothesis that f(t) is bounded, but this hypothesis is often redun- 
dant in the application. It is therefore important to obtain other 
theorems in which the boundedness of f(t) appears as a conclusion 
instead of as a hypothesis. Such a theorem should be of the type ‘if 
g(t) is L, and satisfies, say, conditions («); f(t), or s,, satisfies conditions 
(8); and 


1 t 1 n 

xf o(g)reoaee [ ocae Jor > o(z}>2 | omar, 
or at any rate the sum or integral is bounded; then f(t), or s,, is 
bounded’. Conditions (8) will not by themselves imply boundedness, 
and conditions (a) will not include Wiener’s. This section and the next 
will be occupied by the proof of a theorem of this character, due 
essentially to Vijayaraghavan. It will be convenient to work, as he 
does, with series rather than integrals, and to generalize his hypotheses 
a little. 

In what follows, then, we shall be concerned with a method of 

summation defined by 
(12.13.1) r(x) = > c,(x)8, > 8. 
We suppose that 
(12.13.2) ,,(x) > 0, c,(%)>0 (x0), > c,(x) = 1, 
so that the method is totally regular. 


THEOREM 238. Suppose that the following conditions are satisfied. 
(i) f(u) is positive and differentiable for u > 1; 


(12.13.3) g>0, 0<¢'<K, 
where K is independent of u, 


dt 
(12.13.4) @(u) = | & 
Ec 


(so that ® > c& with u). 

(ii) The coefficients c, have, in addition to those already stated, the 
properties: 
(12.13.5) Seale > 0 
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af M->o, x> OO, @(x)—O(M) > -; 

(12.13.6) > nla) +0, 

(12.13.7) > en(e){O(n)—OW)} +0, 

af N +o, x > OO, @©(N)—®(x) > 00.T 
(iii) If s(t) = s, forn <t < n+l, then 

(12.13.8) lim{s(t)—s(u)} > 0 

when u—> 00, i> 4, OmaG 


(iv) r(x) = > c,(x)s, is bounded. 

Then s,, 1s bounded. 

We shall require a lemma. 

THEOREM 239. If s(t) satisfies condition (iii) and $(u) condition (i) of 
Theorem 238, then there are positive numbers a and b such that 


(12.13.9) s(q)—s(p) > —a | man = —a{O(q)—®(p)}—b 


forqg>p>l. 
It follows from condition (iii) that there are a U and & such that 


(12.13.10) s(t)—s(u) > —1 

if 

(12.13.11) t>u>u, “es 
° ° ae = ? d(u) = 


If, on the other hand, u < U, t< U+64(U), then s(¢)—s(u) has a 
lower bound depending only on U. It follows that there are numbers 
y and 8 such that 


(12.13.12) s(t)—s(u) > —y 
for all £ and uw for which 
(12.13.13) 0 <t—u < 8¢(u). 


{7 That is to say, 
Seale< 4 — Faley <a — FeqleHO(n) O(N} < « 


if x, M, N, O(x)—D(M), D(N)—®(z) are all greater than numbers depending on e. In 
the applications z = 2(H), M = M(H), N = N(#) will be functions of a single para- 
meter H which tends to o. We shall not use the full force of our conditions on ¢(u) 
and c,, and are content to state the theorem in a form sufficiently general for the 
applications. 
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We write 


(12.13.14) po =p, Py = Pot 8$(Po), +) Prsr = Pr+8$(py), 
and suppose that p, <q < p,,,. Then 


(12.13.15) s(q)—s(p) = S (Pees) —s(p;)}+8(q)—8(p,) > —(r7+1)y, 
by (12.13.12), and 


r-1 


12.13.16 Sr == Per Pe 
! "Le b(px) 
Now 
(Pest) = P(Px)+(Prar—Pu)P (E) (Pe << & < Pras), 
P(Prsr) = $(p,){1+-846'(E)} < (1+8K)h(p,), 
(12.13.17) 
§ 148K) $ Per Pe 
en 5% ta vom f i erie IE 


It follows from (12.13.15) and (12.13.17) that 


s(a)—s(@) > — 75 +1) 
which is (12.13.9). 


5) ae 


12.14. Proof of Theorem 238. We have to prove s,, bounded. If s,, 
tended to oo or to —oo, then r(x) would do the same (since the trans- 
formation is totally regular). It is therefore sufficient to prove that 
the hypotheses 


(a) 7(x) = O(1), (b) lim|s,| = 00, 
(c) 9s, does not tend to oo or to —o, 
lead to a contradiction. We write . 


(12.14.1) o,(¢) = max s,, o,(¢) = max(—s,). 
nxt nat. 


Then it is plain that o,(t) and o,(¢) increase with t, that one at least 
of them tends to o, and that there are two possibilities: either 
(x) o,(n) > o,(n) for an infinity of n, or (8) o,(n) < o,(n) for all suffi- 
ciently large n. We consider these two possibilities in turn, and show 
that each leads to contradiction. 

Case (x). It is plain that in this case o,(t) > 00, and that, given any 
H, there are M for which 


(12.14.2) sy =< 0,(M) > 2H,  0,(M) > 0,(M). 
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We choose the least M = M(H) satisfying these conditions, and then 
the least V = N(H) > M such that 

(12.14.38) Sy < 48q4: 

there are certainly such N when d is large, since otherwise s, would 
tend to oo. 


Since Sy—Sy > —a{O(N)—®O(M)}—), 
a{O(N)—®(M)} > sy,—sy—b > 48,—b > HS, 
and so ®(N)—®(M) + 00 
when Hoo. Hence, if we define x by 
(12.14.4) D(x) = 4{0(M)+4+0(N)}, 
then . 
(12.14.5) ®(x)—O(M) > «0, @(N)—®(x) > 00. 
We write 


(1214.6) 2(x) = (: + » +E Jeu(e)sn = r2(2)+7a(0)+-a(2), 


and estimate 7,, 72, and 7, in turn, denoting generally by 8(H) a function 
of H which tends to 0 when H + oo. First, 


| M-1 
(12.14.17) r4(2) > —a( I) Fe, > —oy(M) ¥ 0, > —B(H)oy(M), 
by (12.14.1), (12.14.2), and (12.13.5). Secondly, since N is the first n 
after M which satisfies (12.14.3), 
(12.14.8) 
M) Fc, = o(M)(1— ¥c,— 5 8(H)}o,(M 

7a(t) > 4oy(M) 3 Oy = doy(M)(1— 3 Cn — ¥en) > {$—-9(H)}o4(M), 
by (12.14.2), (12.13.5), and (12.13.6). Thirdly, if n > N, 
(12.14.9) S_—Sy_-1 > —a{O(n)—®O(N—1)}—), 
by (12.13.9). Also sy_, > }8y > H > b+1 for large H, and 


N 
O(N)—(N—1) = | S* +0, 


so that a®(N) < a®(N—1)+1 for large H. It now follows from (12.14.9) 
that 
8, > —aO(n)—O(N—1)}+1 > —a{Oin)—®(N)} 


for large H, and that 
(12.14.10) t,(x) > —a > C,{P(n)—O(N)} > —8(H) 
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by (12.13.7). Finally, combining (12.14.7), (12.14.8), and (12.14.10), we 
obtain 
1(x) > —8(H)o,(M)+{3—8(H)}o,(M)—8(H), 
which tends to infinity with H, in contradiction to the hypothesis that 
+(x) is bounded. Thus case (a) leads to a contradiction. 
Case (8). In this case o,(n) > o,(n) for all large n, and o,(n) > 00. We 
choose the least N = N(H) such that 


(12.14.11) o,(n) >o,(n) (n>wN), sy = —o,(N) < —2H; 


and then the last M = M(H) < N for which sy > 48y = —}o,(N): 
there are certainly such M when ZH is large, since otherwise s,, would 
tend to —oo. Thus 


(12.14.12) 8), > —4$o,(N), Sn << —}o,(N) (M<n<QN). 
Then 
(12.14.13) Sy—Sy > —a{O(N)—O(M)}—), 


by (12.13.9), and sy—sy < 4sy < —H, so that 
a{®(N)—®(M)} > HO, 
and ®(N)—®(M) -> oo when H - oo. Hence (12.14.5) is still true when 


x is defined by (12.14.4). 
We now write 


M N o 
(12.14.14) r(a) = (2 + Y + > )onw)s, = tale) +720) +792), 


nm=M+1 NF1 
and estimate 7,, 7,, and 73. First, 
(12.14.15) 
M M M 
7(%) < o,(M) x Cy < o(N) 2 Cy, < o,(N) D3 Cy < 8(H)o,(N), 


by (12.14.1), (12.14.11), and (12.13.5). Secondly, 


(12.14.16) 7,(7) = Ps Cn 8n < —tolN) > 6 


00 


= —4o,N)(1— SY e— ¥ en) < —G-3D}oalN), 
0 N+1 
by (12.14.12), (12.13.5), and (12.13,6). Thirdly, 


ec oO © 
(12.14.17) 73(%) = > Cn 8, SD Cn oy(m) < YD Cy og(n) 
NF1 NF1 Nt1 


= S$ e,{o,(N)-+0,(n)—0,(N)}. 
N+1 
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Now 
(12.14.18) —s,—o,(N) = —s,+s8y < a{O(n)—®(N)}+6 
for n > N, by (12.13.9), and therefore 


(12.14.19) | g,(n)—o,(N) < a{®(n)—®(N)}+-6.F 
Hence, after (12.14.17), 
(12.14.20) 


74(t) < a,(W) ¥en ba > enf{O(n)—ON)}+5 on < 8(H)o,(N), 


by (12.13.6) and (12.13.7). Finally, it follows from (12.14.15), (12.14.16), 
and (12.14.20) that 

7(z) < —{4—8(A)}o,(N), 
and so that r(x) > —oo when H >oo. This is again a contradiction, 
so that case (8) is disposed of and the theorem proved. 


Suppose in particular that 
Cy = (l—e7N*)e-"2, d(u) = u, @(u) = logu. 


Then > Cy = (1—e-¥2) > en nt — 1 —e-(Mte < Met ae 


if M/x — 0, i.e. logz—log M — 00; and 
oo co 
Ye, = (l—e 4) F e** = e-Nit# +0 
N N 


if N/x — 00, i.e. log N—logx —» o. Finally, 


ee) 
os cy log == (l—e-l*) S roe ( log (1+%)e —(N+v)/x 


n=N v=0 
e~ Nia xz 
paws — fe — e~Y2yy—-2 = e-Nj« 
< Fe Dee < feller tere, 
which tends to 0 if x — oo, log N—logz — o. 

Thus the conditions (i) and (ii) of Theorem 238 are satisfied, while (iii) asserts 
that s, is slowly decreasing in the sense of § 6.2. It follows that if s, = O(1)(A), 
and 8,, is slowly decreasing, then 8, = O(1). We can now deduce from Theorem 233 
that if 8, > #(A), and s, is slowly decreasing, then 8, —> 8, which is Theorem 106. 
Thus Theorem 106 is a corollary of Theorems 233 and 238, though (as we saw in 
§ 12.10 (2)) not of Theorem 233 alone. 

As a second example, we may take 

1 *) <2 (22*)" 
e(z)=20(2), 9 = (= 


t o,(n) = max(—s,) = max{o,(N), —8y41,-.-, —8,}- If the maximum arose from o,(N), 
ven 


(12.14.19) would be trivial ; if from one of —8y41, ....—%,, then it follows from (12.14.18), 
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(with the same ¢ and ®). Then (12.13.1) is equivalent to s, —> 6(R,). In this case 


when x/M —> oo and N/x —> oo, so that the conditions of Theorem 238 are satisfied. 
Thus, combining the theorem with Theorems 234, 70, and 68,f we obtain 


THEOREM 240. If 8, —> 8(R,q), and 8,, is real and slowly decreasing, then 8, —> 8. 


12.15. Borel summability. We proved in § 9.13 that s,, -> s (B) and 
a, = O(n) imply s,, > s. Our object now is to prove 


THEOREM 241. If s,s (B) and 


(12.15.1) lim(s,—8,,) > 0 
when 

_ (12.15.2) m -> 00, n>m, + 0, 
then s,, > 8. 


This theorem, first proved by R. Schmidt and Vijayaraghavan, is 
the most general Tauberian theorem concerning (B) summability. 

There are various methods. We may combine Theorem 238 with the 
ideas used by Hardy and Littlewood in their original proof of Theorem 
156: this is the method followed by Vijayaraghavan. Alternatively, we 
may combine it with those used in §§9.10-13.¢ It is more natural here 
to combine Theorem 238 with a theorem of Wiener’s type, and this is 
the course which we shall follow. 

We observe first that it is unnecessary to distinguish between summa- 
bility (B) and summability (B’). For s,s (B’) is equivalent to 
8,-, > 8 (B), by Theorem 126, and the condition (12.15.1) is plainly 
unaltered by the change of m, n into m—1, n—1. | 

t See § 12.10(4). 


{ Certain parts of the argument of §§9.10-13, in which we used the full hypothesis 
ay, = O(n-t), must then be modified, but the modifications required are not difficult. 
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We next verify that the (B) method of summation satisfies the 
conditions of Theorem 238, with ¢(u) = 2vu, ®(u) = vu—1. We have 
to show that 


M foe) 
_ gn - an 
(12.15.3) * > (12.15.4) e dni? 
0 . 
(12.15.5) e > (vn—VN)— -> 0, 
when 
(12.15.6) Nx—vM -> 00, VN — Wx -> 00. 


If O<ve—vVM=p then M = VM(ve—p) <x—pvx; and if 
0< VN—ve =v then N > 24+2vvz > ax+vvx. Hence (12.15.3) and 
(12.15.4) will follow from 


ec pvr n oe) n 
lim (* > =) = = 0, lim (* > =a) = 0; 
< nN! nN: 
BRE, poo nao w-—>00, p—>00 Parente 


and these are true by Theorem 187(4). As regards (12.15.5), we have 


-2 _ Nye 6 3S ney eo OS ny 
e S (vn WN) = 1<eD,” N<>z > ic 


n=N n=. zZtevze 


et an et ~£ meen 
where é = [x]. It follows from Theorem 137} that this is 


. l l co foe) 
_ —mi/2g = _ —#/2£ = —u? == . 
of; > me ] o(3 Je a} of fw ; o(1) 
vv 4 


wv 
Thus conditions (i) and (ii) of Theorem 238 are satisfied. Hence (if the 
conditions of Theorem 241 are satisfied) s,, is bounded. 

In order to use Wiener’s theorems, we must express summability (B) 
by an integral relation of Wiener’s type. We may suppose, after what 
precedes, that s,, is bounded, and we may take s = 0, so that s, -> 0(B). 
Then we proved in § 9.10 (Theorem 151) that 


= | e~t-a)/225(t) dt > 0 
0 
when x > 00,f ie. that 


: r (w?—y?)?)\1u 
(12.15.7) | exp{ — a itt’) du —> 0 
i) 
{ Using (9.1.8) for the range (vé, £) and (9.1.6) for (£5, 00). See the remark in § 9. 10 


about the triviality of the ‘tails’ of such sums. 
~ Actually we assumed only that s, = o(J/n). 
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when y->0o. We now replace this by the simpler formula 
(12.15.8) J e-Xu—v's(u2) du > 0. 


It is plain that (12.15.8) will follow from (12.15.7), when s(é) is 
bounded, if 


2 2\2 
12.15.9 -2u-yy _ _ (w—y’) 
: | ) | e “exp | iy du —> 0, 
ie. if 
eae30) I = f{ |d(w,y)|dw > 0, 
—Y 
where o(w,y) = cw te exp [—2ua(2O*" 


We divide J into the two ane J, and J, in which |w| > y* and 

|w| < y%, where 0 < 3a <1. In J,, for large y, 

ytw 
y 


0< 2 — </w}, ——_—— > }, 


and ¢ = O(|w|e-#”), so that J, is trivial. In J, we have w = O(y*), 


YT 14 O(y Pete) — 1 Oly2-2 
i +O(y*"*), ay +O(y*”), 


exp{—2ue(7¥E*)") — exp{—aut Oey} = e+ OW), 
ty = Oly?) f e-** dw > 0. 


This proves (12.15.9) and therefore (12.15.8). 
We now take g(t) = e-* and f(t) = s(t) fort > 0, 0 fort << 0. Then 
gis W (§12.9(1)). Ift > u, u>o, t—-u> 0,7 = #, v = uv’, then 


tr—v —u?* 


Vv t 
and 80 lim{ f(t) —f(u)} = lim{s(r)—s(v)} > 0 
Hence f(t) is slowly decreasing (§ 12.2); and, since we have proved it 
bounded, it follows from Theorem 221 that f(t) > 0, ie. that s, > 0. 


< 2(t—u) > 0, 


12.16. Summability (R, 2). We end this chapter by proving the 
theorem for (R, 2) summability which corresponds to Theorems 106 and 
240, viz. 

THEOREM 242. If s, > s(R, 2), .¢. of 


(6) = > a, (=) > 


when 9 -> 0, and s,, is slowly decreasing, then > a, = 8. 
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This theorem, and its analogue for f(t), present fresh difficulties, since 
the g(é) now relevant, as we saw in §§ 12.10(5) and § 12.12, is not positive. 
If we knew that s, is bounded, we could prove the theorem on the 
lines sketched in §12.10, first deducing summability (C,4) from our 
general theorems, and then passing to convergence by means of 
Theorems 70 and 68. But we cannot supplement this argument here 
by an appeal to our later theorems, and it seems simplest to use different 
methods. 

We write 

An = a, (a, 2 0), 0 (a, < 0); an = ay CAS 0), 0 (a, > 0); 
so that a, = a;-+a;7, |a,| =at—a,. Weare given that lim(s, —s,,) 2 0 
when n > m, m -> 00, (n—m)/m — 0; and it follows, taking m = n—1, 
that a, > 0, and that > n-*a, is (absolutely) convergent. 

Next, > n~%a, sin’n@ is (by hypothesis) convergent for small 6. It 
follows that > n~®a; sin?n@ is convergent for small 6, and therefore, by 
Egoroff’s theorem, uniformly convergent in a set E of positive measure 


mE. Hence a 
> a | sin?n6 dé < oo. 
n 
E 


But | sin?n@ dd = } J (1—cos 2n6) dd > 4mE 
E E 


when n->0o. Hence > na; is convergent, and > n~’a, absolutely 
convergent. 

We suppose, as we may, that s = 0. Then the series for 6?x(@) con- 
verges absolutely and uniformly for all positive 0, and x(8) = o(1) when 
6+0. If > 0 then 


862 56? (8) n e—2nd 
serge = > z { (1—cos 2nd) eR = tn > “(1—e-*9), 


the term-by-term integration being justified because 


la.| asl 8dé 
ee ~ 


Differentiating twice with respect to 5, we tind 
2 1 §(8?— 36?) 
2nd oa ae 2 
> a, e = {9 (0) ale i) 40 = — “[o x(8) “(658 dé 


Since y(#) = 0(1), the integral here is 


of | eee} — of | =a} = 00 
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when 8 -> 0; and so > a,,e-2"® — 0, i.e. s, >s (A). The conclusion now 
follows from Theorem 106. 

We have proved that if s, >s(R,2), and s, ts slowly decreasing,t 
then s,,-> s(A); and this is enough for our purpose. It is, however, an 
imperfect theorem because, as we stated in §12.10(5) and shall prove 
in Appendix ITI, s, > s(R, 2) implies s, > s (A) without any restriction 
on s,. If this were granted, then Theorem 242 would naturally be a 
direct corollary of Theorem 106. 


NOTES ON CHAPTER XII 


§ 12.1. Wiener’s original investigations are contained in his book The Fourier 
integral and his paper ‘Tauberian theorems’, Annals (2), 33 (1932), 1-100: the 
latter includes an elaborate bibliography of earlier work. A good many generaliza- 
tions and simplifications have been made since by other writers, particularly by 
Pitt, PLMS (2), 44 (1938), 243-88. An important intermediate paper is that of 
Bochner, BS (1933), 126-44: Bochner shows that Wiener’s analysis may be 
simplified considerably if we are prepared to impose rather stronger conditions 
on the kernels g. 

There is a very clear account of the theory in Widder, ch. 5: both his account 
and that in §§ 12.1—8 are based largely on Pitt’s. 

§12.3. The theorems stated without proof in this section will be found in 
Titchmarsh’s Fourier integrals. 

§12.4. For ‘strong convergence’ see Titchmarsh, Theory of functions, 386 et 
seq.; Littlewood, 45 et seq. 

§12.9. All these kernels appear in Wiener’s work except (8), which was 
introduced by Ingham, JZMS, 20 (1945), 171-80. 

§ 12.10. The theorems referred to in this section have been proved by different 
writers with different degrees of generality, and we do not give detailed references 
here: Broadly, the results of (1)}-(3) were known before Wiener, his contribution 
being to include them in his general theory, while in (4) and (5) the results also 
are mostly his. 

The papers of Szdsz and of Hardy and Rogosinski referred to will be found in 
AM, 61 (1933), 185-201 and JZMS, 18 (1943), 50-7. 

§ 12.11. We have given Ingham’s proof of the prime number theorem, I.c. under 
§ 12.9. Wiener’s proof is based on the kernel (7) (of § 12.9). Cf. Widder, 224-33. 
Widder includes proofs that ((1+¢r) ~ 0 and of all arithmetical theorems needed. 
Wiener and Widder aim directly at (12.11.3). If we choose, as in the text, to work 
with p(n), then it is convenient to take 

(2) > n—pu(n) converges to 0 
as our immediate goal: (12.11.4) is a corollary, by Theorem 26 (§4.7). If 


fo = >, 
nat 


ft Actually we have used much less, in fact only lima, > 0. 
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then f(z), being the sum-function of a series whose general term is O(n-), is slowly 
oscillating. Also, if ¢ > 1, 


> win] =H 2 = ej = 2, zum) a 


nat 


Hence t > He) = 14+ > p(n)(=— (=I) = O(t) 
nxt nxt 


for t > 1, and so f(t) (which is zero for ¢ < 1) is bounded. Thus f(t) satisfies the 
conditions of Theorem 233, and it is sufficient to prove (12.8.2) with this f and with 
g as in § 12.9(7). 


e7ny 
If Fy) = > LA”) 5a 
then, on the one hand, 


~ =ev= = ot 
Fy) = Fan) Se "= Few S pln) = e- = O(1) = of), 


when y — 0, and on the other, 


22h p(n) nye—™¥ 
P= 9 2 Tne 


n+1 oo 
1 nye =] d¢ yte-vt ws 
=| > sma eS a ds | 3) dt = | fem dt. 


Thus the last integral is o(y~!), and this proves (12.8.2). 

There is a further and quite different proof of the prime number theorem, based 
on Wiener’s ideas as developed by Ikehara. For this see Widder, 233 et seq. 
The proof was reduced to its simplest form by Landau, BS (1932), 514-21. See 
also Bochner, MZ, 37 (1933), 1-9; Heilbronn and Landau, ibid. 10-16, 17, and 
18-21; Karamata, MZ, 38 (1934), 701-8. 

§12.12. Theorem 236 is apparently new. There is a theorem of Pitt [DMJ, 
4 (1938), 437-40], proved in Widder, 215-21, which we might use instead and 
which imposes less restriction on g, but the proof is more difficult, and Theorem 
236 is sufficient for our purposes here. 

§§12.13-14. Vijayaraghavan, JLMS, 1 (1926), 113-20, and PLMS (2), 27 
(19238), 316-26, proved the two cases of Theorem 238 required for A and B 
summability. The arguments which he used in these cases contain all the essential 
features of the proof of the general theorem. See also Karamata, MZ, 34 (1932), 
737-40, and 37 (1933), 582-8. 

§ 12.15. Theorem 241 was first proved in this form by R. Schmidt, Schriften d. 
KéGnigsberger gelehrten Gesellschaft, 1 (1925), 205—-56; and other proofs have been 
given by Vijayaraghavan, l.c. supra, and Wiener (l.c. under §12.1). The proof 
here is essentially a simplification of Wiener’s. 

§ 12.16. For Egoroff’s theorem see Titchmarsh, Theory of functions, 339, or 
Littlewood, 30-1. 


XTIT 
THE EULER-MACLAURIN SUM FORMULA 


13.1. Introduction. The ‘Euler-Maclaurin sum formula’ 
n % = B 
ass 1 __7y\yr-1 r (2r—1) 
(13.1.1) > fm) J f(ce) dex +O+4fin)+ D | vont 


expresses the finite sum on the left in terms of the integral and the 
derivatives of f(x). The exact theory of the formula belongs more to 
that of asymptotic than of summable series, but it is so important in 
many branches of analysis that we must discuss it seriously here. 

We begin by considering one or two particularly simple cases. It is 
plain that the formula will be most useful when f(x) behaves regularly 
for large x and the order of the kth derivative f(x), considered as a 
function of x, decreases as k increases. 

We suppose first that 0<a< l, that f’(z) is continuous for x 2 a, 
that f > 0, f’ < 0, and that f -> 0 when x 00. Then 

Hf x 
[if@ld=— [fOd=f0)-f@ >f0) 
i i 
when z—->00, sothat o 
f if'@l at = fA) <o. 
1 
If y = a—[z], so that y = x—m+1 form—1l <2 <™m, thenO0<y<l 
and co 
J = | uf'() de 
1 
is absolutely convergent. Also 


jin = flm)— f fla)dz = f {flm)—f(@)} da 
m-1 m—1 


= [ rom—soy ae = | ue) de, 
= 1 


m—-1 m— 
n 


S pom) | se) de = Sin = | (e—LDE @) de 


1 
It follows that, if 


(13.1.2) F(a) = f f(t) dt, 
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then 
nm 
(13.1.3) > f(m)—F(n) > f(—F()4I 
m=1 
when n ->oo. If our conditions are satisfied for every a > 0, and f(x) 
is integrable down to 0, we may take a = 0 in (13.1.2) and (13.1.3). 


Secondly, suppose that f”’(x) is continuous for x >a; that f’ > 0, 
f” <0; and that f’ > 0 when x00. Then 


firola=—- frod=s)-f'@ -f'0) 
1 1 
and |f”| is integrable up to co. Thus . 
J’ = $f (y—y)f"(a) de 
1 


is absolutely convergent. If 


jm = UF(m—1) + fim)}— [ fle) dx 
m-1 


=fm)— | {f@)+4f'@)} de = jn—4 [ f(a) de, 
m—1 m—1 


then 
in = (y—4)f' (x) dx 
J 


™ 


ii p(X ax 1] (y°—y) f"(a) de, 


Bde 
since y?—y-—>0 when «> m—1+0 or x->m—0O. Hence, summing 


from m = 2 tom =n, 
nr 


EFV+SQ)+-.+fM—I)+4fr)— { fle) de = —4 [ (y—y)f"(@) de. 
It follows that : , 
(13.14) f(m)—F(n)—4f(n) > 4f0) FJ’. 


We may regard (13.1.3) and (13.1.4) as the two simplest cases of (13.1.1), with 
C=f()-FU)+I, C= $f(1)—F(1)—J’ 
respectively. If, for example, f(x) = log z and a = 1, then our second set of condi- 
tions is satisfied, and we find that 


ioe) 
1 fy—y 
logn!—(n+})logn+n—>A = 1+3 x dz, 
1 


f In which case zf + 0 when z > 0 and 2f’ is also integrable down to 0. 
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or that n! ~ e4n"+te-", This is (apart from the calculation of A, which is actually 
4 log 27), the simplest form of Stirling’s theorem, and it is natural to expect that 
@ fuller investigation of the formula (13.1.1) will lead to a complete asymptotic 
expansion of logn!. 


13.2. The Bernoullian numbers and functions. We shall investi- 
gate the formula in this chapter by two different methods, by real 
analysis in §§ 13.5-7, and by the use of Cauchy’s theorem in §§ 13.14-16: 
the second method will naturally demand much more stringent condi- 
tions on f(x). Our first method depends upon the properties of the 
Bernoullian functions B,,(x). 

We define the Bernoullian numbers B,,, and the functions B, (x) and 


$,(z), by 
f 2 


{4 
(13.2.1) Fay = Bt Big— Begt- 


2n 
=1-#+ > (IB 


et {” 
(13.2.2) t= 1+ > B,(z)—, 
ett_] i” 
(13.2.3) i= eS dulce) 


Here, and to the end of the chapter, sums without limits run from 1 tooo. 
The left-hand side of (13.2.3) is 0 for x = 0 and ¢ for x = 1, so that 


(13.2.4) 4,(0) = 0; (13.2.5) 4,11) =1, ¢,(1) = 90 (n >.]). 
The series are convergent for |t| < 27. The first B, are 
B,=%} B= B,=% B= 3% B; = &; 
It is plain that 
B,(x) = $,(x)—} = rf, B(x) = $2(x)+%, 
B,(x) = ¢5(2), B,(x) = $,(t)—B, «..; 
and generally 
(13.2.6) Byy(x) = bop(z)-+(—1" 4B, Baya) = Poraala) (7 > 0). 
In particular 
(13.2.7) 
Bz,(0) = By,(1) = (—1)/*B,, Boy 41(0) = Baypyi(1) = 90 (r > 0). 
It is familiar that | 
(13.2.8) | pee > : 


n ~ 92an—1,2n men 


(so that B,, increases rapidly for large 7). 
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The first ¢,,(“) are x, 222, 23—$2*+ he,.... Writing (13.2.3) as 
i” ia xa” 
> bal) — = (1-14-55 --} >» — 
and equating coefficients, we find that 
(13.2.9) 9$,(%) = or—jnart+ (1) Bart") Bart. 


the last term being one in z or z”. 


ett} ett] 


The identity aa —t a tet 
shows that 
(13.2.10) b,(a-+ 1)—¢,,(z) = ner-l, 


and from this and (13.2.4) it follows that 
(13.2.11) 1-24-9214. .4N"41 = n14,(N4+1) (n>). 
Differentiating (13.2.2) with respect to x, we find 
S Baye, =F ate > Bw, 
and hence, equating coefficients, 
(13.2.12) By(xz)=1, B(x) =nB,_,(4) (n> 1). 
The corresponding equations for the ¢,(x) are 
$i(z) = 1, — pa(w) = APy(e)—3}, $3) = 3{ba(x) + By}, 
and generally 
(13.2.13) 


Pam(X) = 2mdpom—1(*), $em-+1(2) > (2m+1){bom(%)+(—1)"1B,,}, 
the first for m = 2, 3,..., the second for m = I, 2,.... 


13.3. The associated periodic functions. We now define B,(zx) 
and ¥,,(z) as the functions equal to B,(x) and ¢,(x) for 0 << x < 1 and 
with period 1. It follows from (13.2.4)-(13.2.6) that B,(z) and ¢,(x) 
are continuous for all x ifm > 1, while B,(x) and #,(x) have a jump —1 


for every integral z. 
We know that 


1 ~ sin Qanaee ; 
- > SS be = -)—-B 


4780 Y 
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for 0 <a <1, and that the series is boundedly convergent. If we 
integrate term by term, we obtain 


1 1—cos 2 
53, a = et = —44,(0), 
and so = > SST 3(2?—2+%) = H{6(x)+ By}. 
Hence 

] 2 
(13.3.1) om > ae = Hy,(c)+B,} = 4B,(z) 
for all x. Generally 
(13.3.2) 

1 2 (=) —1)*-1 

and 
(13.3.3) 


1 sin2mnx (—1)*-1 (—1)k- 
a >. a = (2b Peet 2) = Sepa Barn 


for k = 1, 2,... and all x. For (13.2.7) shows that they are true for 
x = 0; (13.3.2) is the formal derivative of (13.3.3); and (13.3.3), with 
k—1 for k and the sign changed, is the formal derivative of (13.3.2). 
Finally, (13.3.3) becomes true for k = 0 and non-integral x if we 
substitute {?(x) = ,(x)—} for ob, (2). 

13.4. The signs of the functions ¢,,(z). It follows from (13.2.4) and 
(13.2.5) that all the ¢, after ¢, vanish for z = 0 and z = 1. We now 
prove 

THEOREM 243. The functions do, d4, $g,.-. have fixed signs in (0, 1), that 
of bo, being (—1)*, while dz, $5,... vanish also for x = 4, and dox4, has 
the signs (—1)*-4 and (—1)* in (0, 4) and in (4, 1) respectively. 

First, 


i” (—t)" t t 
1). 4ji__ st near 
> to G— >, ox) S- = aq tea = 
so that (3) = ¢,(4) =... == 0. Thus ¢3,4,(2) has the three zeros 
0, 4,1 
Next, our assertion is true of 
ga(x) = x(z—1), — $g(w) = 2(w—3)(@—1). 

We assume that it is true up to ¢,,,-;, and prove that it is true of ¢,,, 
and ¢oniz- Since ¢5,, = 2mde,-, vanishes at 0, 4, and 1 only, ¢o,, is 
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of fixed sign in (0,1); and (13.2.9), for small x, shows that the sign is 
(—1)™. Also ¢,,, is monotone in (0, $) and in (4, 1), and so 


Pam+u(t) = (2+1){bom(%)+(—1)"* Brn} 
can vanish at most once in each of these intervals. Thus ¢,,,,,, which 
vanishes at 0, 4, and 1, is of fixed sign in (0,4) and in (4, 1), its sign in 
the first of these intervals being (—1)™-1, by (13.2.9), and in the second 
(—1)", since bem+i(3) F 0. 
We shall also use the properties 
(13.4.1) Bom-1(%) = — Bom—1(1—2), B,,,({2) = Bom(1—2) 
(0<a <1; m=1,2....). 
These equations follow from the trigonometrical developments of § 13.3, 
or from the fact that 


ett efl—ay 7 cosh(~—4)t ue _ ,Sinh(~—4)t 
é—1  —_ sinh ft’ e—I sinh }¢ 
are even and odd functions of ¢ respectively. 


13.5. The Euler-Maclaurin sum formula. In what follows we 
assume the continuity of all derivatives of f(x) which occur for x > 0: 
f(z) will usually have a singularity at «= 0. We define F(x) as in 
(13.1.2): @ will usually be taken to be 0 when f(z) is integrable down 
to 0. 

We suppose in the first instance that 0 < x < 1, and that f(x) and 
its derivatives are continuous in this closed interval: and we consider 
the integral 


1 
(13.5.1) pe = pole) = — 5 J B,(w—t) ft) dt, 


where r > 1. We must distinguish ‘the cases r > l andr = 1. 
If r > 1 then B,(u) is continuous, and 


dB,(x—t) 
dt 
by (13.2.12). Also B,(z—1) = B,(z) = B,(x). Hence 
(13.5.2) 


pe = — 2H) (frm) —for-0(0)} — 


= —rB,_,(e—2), 


= j B,s(e—)fo-O(t de 


= FD fen) —pe 9+ ea (>). 
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If r = 1, we suppose first that 0 <x <1. In this case B,(u) has 
Jumps —1 for integral u, and differential coefficient 1 elsewhere, so that 
dB (x—t) _ 


ai —l1. 


B,(—0)—B,(+0) = 1, 


Hence 


1 1 
fe) J 0) dt = {B,(—0)—B-+0)}fe@)+ [EO pe ae 
0 
Also 


[ BG=%re dt = B,(+0)f(2)—B,(2)f(0)— | B,(e—t)f’(t) dt, 


1 
{ oe) f(t) dt = B,(x—1)f(1) —B,(—0) f(x) — | By(x—2)f'(t) dt, 


and B,(z—1) = B,(x) = B,(x). Hence, combining the last three equa- 
tions, we obtain 


1 1 
(13.5.3) f(a)— [ f(@) dt = Byla){f(1)—f(0)}— [ Byw—e)f"(e) ae 
0 0 


= By(x){f(1)—f(0)}+ pr 
We have proved this for 0 <x <1, and it holds, by continuity, for 
Os 7<1. 
Supposing now that J > 1, and combining (13.5.3) with (13.5.2) for 
r = 2, 3,..., 1, we obtain 


(13.5.4) f(x) = j fit) “+> FHtE) pe - —P(1)—f°-(0)}+ p 


r=1 
for 0 <<#< 1. The equation reduces to (13.5.3) for 1 = 1, so that it is 
true for 7 > 1. 


We now replace f(x) by f(z-++m—1), where m is a positive integer, 
and obtain 


fe-+m—1) = j git) dt +S BLED p-v¢m)— p09 —1)}+ Pa 


n— r=1 


™ 
where Pim = —; i} B(a—t) f(t) dt. 
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If, in particular, we take x = 1, 1 = 2k+-1, observe that 
Bl) =}, — Bya(1)=0 (8>1), — By(1) = (—1)*4B,, 


Boxai(1—t) = —Bozai(t) = —beors(), 
by (13.2.7) and (13.4.1), and then replace s by r, we obtain 


fim) = fs dt +4 fm) —f(m—1)}+8,(m)—S,(m—1)-+ 04m 
or #: 
(13.5.5) {f(m—1)+f(m)} = a f(t) dé +8,(m)—8,(m—1)+ opm; 
where 


(13.5.6) S.(m) = > 5, germ), 


(18.5.7) mm = f dborer(t) fOr) dt 
1 


1 
(Qk)! 


m 
= appa | dart FeP0 at 
m—-1 
by another partial integration, since #,,.(0) = %o,,.(1) = 0. If k = 0 
then the terms S,(m) and S,(m—1) disappear from (13.5.5). 
Summing (13.5.5) for m = 2, 3,..., n, and adding 4f(1)+4/f(n), we 
obtain 


(13.5.8) > fm) = F(n)-+4f(0) +8,(n) + P+ Uns 


(13.5.9) P, = — F(1)+3f(1)—8,(1), 
1 n 
(13.5.10) Un = —cagceayt | banal se) at 
If we write : 
s 9 
(13.5.11) Xeor+e(t) = > ae 
yi yoo qrek 
= (—1 “(2k-+2)! i TT +(—1) * Bras} 
then 
—])k+1 r —1\B ? 
Uae = aera | Xora) F 08%) dt 4A Bass } foment 


1 


—])k+ r 
= sia J reeset prene dt + Segoe — fern}. 
1 
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Hence we may also write (13.5.8)-(13.5.10) as 


(13.5.12) fm) = F(n)+4(0) +S p13) + Qe Vi 


(13.5.13) Qn = — FEF Spal); 
—])k+ . 
(13.5.14) Van = sara | Xanealt)fOHM(0 dt 
1 


When f(x) is a polynomial, S;,(n) is also one, and U;,,, vanishes for sufficiently 
large k. If, for example, f(x) = x', we may take k to be 41 or 4(J—1). In this case it 
is easily verified that (13.5.8) reduces to (13.2.11). 


13.6. Limits as n> oo. So far there has been no question of con- 
vergence. We now introduce the hypotheses that 


(13.6.1) f poem) dz <00 
and 
(13.6.2) f(x) > 0 


when 2-00; and write the integrals over (1,m) as differences of 
integrals over (1,00) and (n,00). We then find 


(13.6.3) > flm) = F(n)-+4f(n)+8¢(n) +C,+ Bens 


(13.6.4) O, = —F() +40) 80) ay | Ponaalt)f #22) dt, 
1 


(13.6.5) Ban = appa | vans SMO at 


There are alternative forms corresponding to (13.5.12)-(13.5.14). 
It is plain, since yo,4(é) = O(1), that R,,,-> 0 when n->0o. Hence 
it follows from (13.6.3) that 


(13.6.6) > f(m)— F(n)—4f(n)—S,(n) > Cy 


The most interesting case is that in which (13.6.1) and (13.6.2) are 
true for all & from a certain K. Then (13.6.6) is true for k = K and 
k = K+1, and 


Seo) Sign) = EAE FOR n) > 0. 
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It follows that C,,, = Cy, so that C, is independent of & for k > K. 
This is easily verified directly, since 
1 co 
—_ (2k-+2) 
1 


= Bf) aay | deal FPO At, 
1 


2k! 


by two partial integrations. 

Thus C;,, is, for k > K, independent of (nm and) k, and C = C, is 
a number depending only on f(x) and F(x), i.e. on f(x) and the lower 
limit @ in (13.1.2). We call C the Huler-Maclaurin constant of f (and F). 
We shall also call C the (R,a) sum of the series > f(n), and write 


(13.6.7) FAU)+S(2)+...+f(x)+... = C (R, a). 

We thus obtain another definition of the sum of a divergent series, but 
one of a quite different type from most of those which we have con- 
sidered, and primarily adapted to series of positive terms such as 
1+1-+1-+... or log 2-+-log 3-++log 4+-.... 

The ® stands for Ramanujan, whose work with divergent series was 
mainly based on this definition. The definition is implicit in much of 
Euler’s work. The sum which it attributes to a series depends on the 
value chosen for a. We shall, however, find that there is usually one value 
of a which it is natural to choose in any special case. 

We shall call (13.5.8), (13.6.3), or one or other of their variants, 
according to the context, ‘the Euler-Maclaurin sum formula’. 


13.7. The sign and magnitude of the remainder term. We now 
strengthen our hypotheses by supposing the derivatives of f(x), from 
a certain point onwards, of constant sign. To fix our ideas, we suppose 
(13.6.1) and (13.6.2) true, and f@*+2)(x) < 0, for k > K and x >1.+ If 
now k > K, then, after Theorem 243, R,,,, has the sign (—1)* and Ry_1 » 
the sign (—1)*-1; so that | Rn] <|Ry+ 1—R,»|- But 


I , l 
Rin = — GELS | fbr U& = —GELII | SPV, dt 
1 , l , 
= Qk-+1)I | °° Vou: dt = yal | {bon,-+ (— 1)*-1B,} fe” dt 
(all the integrations being from n to oo), and so 
—_ (=1)F * By, poy 
Bean — Rin = yf (0), 


} In which case f(24+1)(x) is non-negative for k > K, and f(")(x) > 0 for n > 2K+1. 
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which is the last term of S,(n). Hence we obtain 


TuHEoreM 244. If f(x) satisfies (13.6.1) and (13.6.2), and f@*+2)(x) is 
of fixed sign, for k > K, then the error in the formula 


S flm) = F(n)-+4f(n)+S,(n)+C 


alternates in sign as k increases from K-+-1 onwards, and does not exceed 
the last term retained in the series; and the series (13.6.4) for C,, = C has 
the same properties. 


The series 


(13.7.1) s(n) = > ea for-D(n) 


and S(1), obtained by making & infinite in S,(n) and S,(1), are usually 
divergent, owing to the rapid increase of B, for large r. They may 
however, often be used effectively for purposes of numerical computa- 
tion. If 

(i) a, is real, 

(ii) s = a,+a,+...+a,+ R, for every r, 

(iii) R, alternates in sign, 
then we may say that the series > a, alternates round s; we may 
suppose if we please that condition (iii) is satisfied only for r > 7%. 
It is plain that IR.| < |a,| 


(for r > 1 or r >7,). The definition does not determine a unique s; 
if, for example, R,,_, < 0 and R,, > 0, and 


py = min|£,,|, Pe = min| Fe,—1|; 
T 


then > a, also alternates round any number of the interval (s—p,, 
8+p).t 

The important case is that in which a,, R,, and s are functions of a 
parameter x, and |R,(a)| > 0 


as x > 00 (for r > 1 or r > 179), as, for example, when 


> a, (x) = ¢,+¢,2-1+-cg 4? +... 
is a divergent asymptotic series for a function g(x). If > a,(x) alternates 
round g(x), in the sense just explained, then we shall say that > a,(x) 
is a semi-convergent series for g(x). Thus our conditions are satisfied, 
with « = n, by the series (13.7.1), under the conditions of Theorem 244, 


+ Thus all the conditions are satisfied by the series 1—2-+2—2+... with s = 0. Here 
R, is alternately —1 and 1, and the series alternates round any number of (—1,1). 
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If r is given, |R,(x)| > 0 when z > oo. If xis given, |#,(x)| will usually 
tend to infinity when r—> oo. It will, however, generally happen that, 
for a given x, |R,(x)| is conveniently small for a suitably chosen r, for 
example, for an r for which |a,(x)| takes its minimum m,; and then the 
series may be used for the computation of g(z). The computation will 
be the more accurate the larger z. 

In these circumstances we may reasonably say that ¥ c, = > a,(1) 
is a semi-convergent series for s = g(1). We cannot say that s is the 
‘sum’ of the series, since >c, alternates round any number in an 
interval (s—p;,8+-p,); but s will often be the sum of the series in some 
othersense.t Further if > a,(x) is a semi-convergent series for g(x)—h(x), 


we may say that h(a) -+ > a,(x) 
is a semi-convergent series for g(z). 


For example, returning to the series (13.7.1), let us suppose that f(z) = loga 
and a = 0, so that F(x) = xlogx—z. Then our conditions are satisfied for r > 1, 
and we are led to the formulae 


B,1 B,1, B31 
(13.7.2) logn! = > logm = (n+4)logn— nt+Cte6 on “Saal the ene? 


B, B, B 4 
pee par Te rte 4-5.6°7.8 
The series are semi-convergent, and can be used to calculate logn! and C. We 
shall see later that C = $log 27. 

We cannot calculate C with great accuracy from (13.7.3) because n = 1 is 
too small. The least term is that last written, which is —-00059, and we can 
calculate C = -919..., to 3 places, by stopping there. This value of C, used in 
(13.7.2), would then give a fairly accurate value for logn! for large n. On the 
other hand, we could calculate C, with much greater accuracy, by using (13.7.2) 
with a fairly large n and computing logn! independently. 

In practice the C of a given f would be computed by writing 


Xsf(m) = f+... +f(N)+ J f(r +N), 
and applying our formulae to the last series, for which they will be more effective 
the larger N. A judicious choice of N should then make both parts of the calcula- 
tion practicable with considerable accuracy. 
The method may be applied to convergent series whose convergence is in- 
conveniently slow. In this case we must take a = ©, so that F(n) > 0, and C 
is the sum of the series. Thus Euler, taking f(~) = (x+9)-’, calculated 


We de 1 > 1 
6 patgate get (n+ 9)? 
to 18 places of decimals. 


+ See, for example, §§ 13.15-16. 
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13.8. Poisson’s proof of the Euler-Maclaurin formula. Poisson, 
in his investigation of the formula, starts from the theory of Fourier 
series. 

Suppose that f(x) is indefinitely differentiable for x > 0, and that 
0<a<b<oo, Then, by the ordinary theory of Fourier series, 


(13.8.1) f(a) =i | 10 dt+5== >, { 10) 000-9) at, 


where the integrations are over (a,b), fora <2x<b. Forx=a or 
x = 6 the sum is }{f(a)+/(b)}. We take nw = b—a and 


X= a, a+w, A+ 2w,..., a+(n—l1)w, 
substitute in (13.8.1), and add the results. We thus obtain 
(13.8.2) 3 f(a)+fa+w)+...+f{a+(n—1)o}4-43f(6) 


="; | ro at +525 > [£0 >, oo a, 


The sum under the integral sign is 


si{exp Pairt—4) a)" Sex »(- <a); 


s=0 


and the sum here is 0 unless r = In, where | isa positive integer, and 
then it is n. Hence (13.8.2) is 


(13.8.3) : 
4fla)+fatw)+...+4f(6) == ( fit) dt + 2 S { flteos 22) ie 
t=1 


Now | f()eosE—9) dt = 3  { f (sin "EO a 


7 6 {sp} (F-0) Fa) + 
+(—1 a) | f2®\(t}c08 9) *) a, 


by repeated partial integration. Substituting in (13.8.3), and using 
(13.2.8), we obtain 


(13.8.4) 4fla)+flate)+.b4 f(b) 
k 
= 5 [Fae DS (Uta 26) JMOL M, 


att —a) di. 


I 
where W, = (—1) ; som { $C) > jak C8 
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If, in particular, we take a= 1, w = 1, b=7n-+1, then (13.8.4) 
becomes 


FQ)+FQ)L-bf lm) = F(n$1)—FO)+ Ef O-+ +40) + 
k 
+> uy (fon) f-)}+ 


r=1 


cos 2alt 
Se 


This is equivalent to (13.5.12), with n+1 for n and k—1 for kh. 
13.9. A formula of Fourier. We can now give an account of 
Fourier’s formula (2.9.2). This was 


(13.9.1) Laf(2) = De (—1)'/8()(sin 2 — See + | 


=i enh Mn) Bara", 
where f(x) is odd and —7 <2 <7. If we write 


3 Ys t= Boly—2), fle) = flerly— 3)} = gly), 


so that 0 < y < 1, it becomes 


(13.9.2) g(y) = 2 22 (Oh ear Boy ialY)- 

Now (13.5.4), if we assume that p, > 0, gives 
1 © 

3.9.3) gly) = f at det > “BP igo) —ge M00}. 
0 1 


Also f(x) is odd, so that g(1—y) = —g(y); and hence 


; | 
[ole) dt 0, g*-(1)—g24-0(0) = 0, g®P(1)—g2™(0) = 29°(1), 
0 


and (13.9.3) reduces to (13.9.2). 

Suppose, for example, that f(x) is an integral function of exponential 
type less than 1, so that g(y) is of type less than 27. Then g®(y) = O(c’), 
where 0 <c < 2a, uniformly in (0,1), and B,(y) is O{(27)—Z!}, also 
uniformly, by (13.3.2) and (13.3.3). Thus p,—> 0, and Fourier’s formula 
is valid. 
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13.10. The case f(z) = x~* and the Riemann zeta-function. We 
now consider the case in which f(z) = «-* and a = 1, so that 
(13.10.1) : 

F(x) = F(x,s) = fe dt = 

1 
and F(z, s) is an integral function of s. 

We suppose first that s is real and s > ae where S < 0. Then (13.6.1) 
and (13.6.2) are true for 2k > —S—1. Hence, writing s® for 
s(s+1)...(s+p), we obtain 
(13.10.2) 


. gk ln-s r-iger-2) By. s-orca 
2 m = An a > (—1)"-1s° Gr)! nN +1_> C(s), 
(13.10.3) 


(s ~ 1), logxz (s=1), 


zi s—] 
S 


B, gtk+) 
C(s) = = s+ > (—1 ae ae GEE | thon. o(t)-o- 2-2 dt 
1 


ifs Al and 2k > —S~—1. Also 


g(2k+1) 


Rin = (2k-+2)! 2)! | Dor+a(t)t-s—2*#— =s dt = O(n-8—2k— 1): 
Thus 
(13.10.4) 
. —8 nit 1y-s r—1 (2r—2) B, —~—s—8r+1 
>™ = ~ C(s)+4n —>(-v sf Gri” 


i 
in the notation of §2.5 (with n-1 for 2). 
We have supposed s £1, but our formulae are still valid, with 
F(n) = logn, for s = 1. In particular 


1+4+... += —logn > C(1), 
so that C(1) is Euler’s constant y. We thus obtain the formulae 


me Bf di 
(13.10.5) aes gt > (= | Yousa(t) sez 
* 1 
and 
(13.10.6) es eae ee eee 


the last series being semi-convergent in the sense of § 13.7. 
We now consider complex s. There is then no question of semi- 
convergence. But ifs = o+77 then R,,, = O(n-°-**-1), uniformly in 7, 
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and our other conclusions stand, with o for s in the appropriate places. 
Also (13.10.2) holds uniformly in any closed and bounded region D 
throughout which o > S, so that C(s) is an analytic function of s regular 
in D and therefore, since S may be any negative number, C(s) is an 
integral function. Finally, when o > 1, 


C(s) = lim (> mot) St = 


We have thus proved 


THEOREM 245. Riemann’s function ¢(s) is an analytic function of s, 
regular all over the plane except for a simple pole at s = 1, where it behaves 


: 1 
like ra | +y-+... ° 


We have also obtained a series of analytical representations of £(s), 
such as 


(13.10.7) {(s) = tim {> iene 
ei 1 


1-—s 


| (o > =I), 


n 


' -s nis -8 —s— = 
(13.10.8) te) = im {Dm — 2A — yn-*4 goon (c > —3), 


(13.10.9) f(s) = —+5— (+1) fall) ay (oS 21), 


“Qo fs+2 
1 


and so on. The formulae require modification when s = 1: thus in 
(13.10.9) we must replace Us) by y. 
When s = 0 and s = —1, (13.10.7) and (13.10.8) give 


Si—m—4> 40), Sm—Jn®—Jn—4 > 1), 
and show incidentally that 
(13.10.10) g(0)= —3, ¢(—1)=—#, 
(13.10.11) 1+1+14+...=—},  14243+...=—4 (8,0). 
13.11. The case f(z) = log(z-+c) and Stirling’s theorem. We can 
treat the function f(x) = 2~*logz similarly, and it is plain that the 


results may be obtained from the corresponding results for z~* by formal 
differentiation with respect to s. Thus, for example, 


13.11.1 ~*log m — 08 ns ee 
( ) p m-*log m =; +q > $n— log n f’(s) 
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foro > —l. If we take s = 0 in (13.11.1) we obtain a formula for 
log n! which embodies a form of Stirling’s theorem; but this case is so 
important that it is better to treat it independently. 
In order to obtain a general formula for log I'(x-+-1), not restricted 
to integral values of x, we take 
fle) =logle-+e) (¢>—1), a=—e, 
and then write x for n-+c. We thus obtain 


(13.11.2)  logT(#+1) = > log (m-+c)+ log P(1+¢) 
= (2+ $)log x—2-+C-+8,(n)+ Bins 


where 
(13.11.38) OC = logI'(1+c)—($+c)log(1+¢)+1+c—S,(1)— RB, 1, 
(13.1.4) s(n) = >, ae 

we (2r—1)2r 

bonsolt) ge 

(13.115) Bun = 5 sis j Passel) dt = Oe) 
In particular, taking k = 0, 
(13.11.6) log I'(a+ 1)—(a+4)logx+z2 > C, 


(13.1.7) C = logT(1-+e)—(4-+-e)log(1+e)+1+ce+4 { ta dt. 

1 
Here C is prima facie a function C(c) of c. It is in fact independent of c, 
but to prove this naturally demands a little more knowledge of the 
properties of I'(x) than we have assumed so far in this chapter. It follows, 
for example, from Gauss’s formula 


im (-Fey(8-Fe).. (n-+¢) 
that log D(n+ aie I'(n+1)—clogn > 0 


and so, after (13.11.6), 
O(c) —C(0) = lim{e log n—(n-+e-+ 4)log (n-+e) + (n-+-4)log n--c} = 0. 
Thus C is independent of c and is defined by (13.11.7) for any c. 
There are many ways of evaluating C in finite terms. The most 
common is by means of ‘Wallis’s product’ for w (a corollary of the 
product form of sinzz). A more natural method here is to use the 
theory of £(s), since it follows from (13.11.1) that 


(13.11.8) C = —£'(0). 
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If we put s = 1+-e in Riemann’s functional equation (2.2.2), expand 
both sides in powers of e, and equate the first coefficients, we find that 
£(0) = —4, in agreement with (13.10.10), and ¢’(0) = —4log27; so 
that 
(13.11.9) C = log 2z, 
and we obtain the ordinary form of Stirling’s theorem. 

We can also calculate C from (13.11.7). If, for example, we take 
c = 0, it gives 


n+1 
(13.11.10) @=1+4= 1 faa > f Conon) at 


= 1+ > (1—(n-+4)og"=" 


+ 
uae 1 i? dt 
Now 1+ (n+ 4)log —— JG bP 
and, substituting and summing under ia integral sign, we obtain 
. 20 
Cys {( a)# = flog In. 
0 
In conclusion we note the formulae 
(13.11.11) log 1-+-log 2+... = flog 2m (R, 0), 
B, , Be, B 
13.11.1 see es 
( _ pete oe oe 


the last series being semi-convergent. 


13.12. Generalization of the formulae. There is a generalization 
of the Euler-Maclaurin formula important in the calculus of finite 
differences. Its formal genesis is as follows. If we write 

Df(z) =f"), eMPF(a) = F@)+AP (2) +P (@) +... =f(e+h), 
and interpret D-1f(x) as F(x), then 

faty)tfetyt+)+..+ferytn—2) 
== {evP 4 et+DD+ |, +4 elvtn—2)D} F(x) 


(yt+n—-ND__ 
Me) = ofan 1) flo} 


= {54-94 BP D+... | yet n—1)—feys 
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and we may write this as ®(n)—®(1), where 


O(n) = Fee-t-n—1)+ yen) + 2 p wpm tn. 
In particular, if we take x = 1, we obtain 
(13.12.1)  f(y+1)+f(yt+2)+-.+fy+n—) 
= Fin) +Ow)+-y— dfn) +2 p(n). 
where 


(13.12.2)  C(y) = —F(1)—g—4)f) — 


When y = 0, these formulae agree with those of §§ 13.5-6. 
If, for example, f(x) = logz and a = 0, we obtain 
(13.12.3) 


log ['(n+y) = nlogn—n-+ (y—}$)log n+ C+ aul) 1_ Bay) seat 


where 

(13.124) O = log F(14-y)+1—— Fil) Fly) 

and comparison of (13.12.3) with Stirling’s theorem shows that 
C = log 27, 


independently of y. If we take y = 0, or differentiate with respect to 
y and then take y = 0, we obtain (13.11.12) and (13.10.6). 

All this analysis is formal. We may discuss the formulae by the 
methods of §§ 13.5-7, or by the complex method developed in § 13.14. 
It will be observed that we are led to an asymptotic expansion of 
log I'(n-+-y) in powers of n-}, while the argument of § 13.11 leads to one 
in powers of (n—1+-y)-?. 


13.13. Other formulae for C. There are other formulae for C which 
are interesting in themselves and will lead us s naturally to the analysis 
of §13.14. 

We observe first that, for ¢ > 0, 


co foe) 1 
| po(w)e dt = , | {b,(w)—d}e dt = -> > fo Ljetu+n) du, 
1 1 0 


since py = 2,—1 and wv, is w—n in (n,n-+ a simple calculation 
then gives 


a 4/1 1 
ea ~t toa Se a 
(13.13.1) Te) = [ valor dw = = ( 5-3 i} 
1 
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Suppose now that 


ao 


(13.13.2) f(a) = | et dy(t) 
0 
is absolutely convergent for x > 0. Then 


(13.13.3) { pa(w)f"(w) dw = J iho(w) dew J few dy(t) 
1 


is j PI(t) dx(t) = —2 j (e4—7+ 5) ax (t), 
by (13.13.1). Also 12.6.1) and (13.6.2) hold for k > 0, so that we may 
use (13.6.4) with k = 0. We thus obtain 
(1313.4) C= —F(1)-+4/(1)+ | (745) xO. 

For example, we may take : 


dx = fe)=2", o>0, a=], C = La) —— 


fs-1 di 
Ts) 
(as in §13.10), when we obtain 


eo 2 eee ele 
te) = +5 stim | (ei t5)! 
0 


(a formula actually valid for o > —1). When s = 1, this gives 
Daal te oe ae Po: Sl 
(13.13.5) yeast [e (aa-7+5) "= 1+ [e c= —;) ae 
0 0 


The argument leading to (13.13.4) is valid whenever 


f'(e) = — | te-*dx(t) 
0 


is absolutely convergent for x > 1, evenif (13.13.2) does not hold. Thus 
the i a dy = te-“dt, wherec > —1, gives f"(x) = (x-++-c)~*? and 


hole) w) 22 f H1+0% oo _l 1 dt 
(w-tc)? meres @—1 ita t° 
0 
Combining this with (13.11.7) and (13.11.9), we find 
$ log 2a = log I'(1+-c)—($+e)log(1+-c)+-14+e— 


r 1 1. id 

_ f e-aser _1 lWde 
Je (a3 ake 
Cc 


4780 
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In particular, for c = 0, 


Poof lL. lade 
13.13.6 4log 27 = 1— rs ——+-—]—. 
(13.13.6) plog2n = 1— f e( 2 +5) 
0 
Also, differentiating with respect to c, and replacing c by c—1, we obtain 
rite) f 1 1 
13.13.7 ] _ = —et a 
\ reo TULee) | ' (a3 1 si 
0 


for c > 0 (or complex c with Rc > 0). 

There is another set of formulae, of a different type, due to Abel and 
Plana. Returning to (13.13.2) we observe that f(z) is an analytic 
function of z regular for x = Rz > 0, and that 


(18.13.8) 9(€,7) = >{f€-+in)-fE—in)} = — [ etsingt dx 
for € > 0.} Also, using a familiar formula, | 

qgé, Da = nL lf ,f1 1.1 
las = —[etdy [eh ay = 5 fe “(aa-it5) ax. 
Taking : = 1 and using ee we find 
(3.13.9) O= —Fqa)+4afay—t [fat 4, 


e27™ — ] 


In particular we have 


(13.13.10)  ¢(s) =3545-7/$ @ a, 


2 e279] 
first for co > 0 and then, by analytic continuation, for all s; 
_ ay 
13.13.11 = 2 
( ) y= tt Ich 2 gimq_—_]? 
arctan 7 
(13.13.12) Llog 2a = 1-2 | ma 


The last formula corresponds to the case f(x) = log, when f(x) is not 
actually defined by (13.13.2). 

In the next section we shall give a proof of (13.13.9) which does not 
depend on any special integral representation of f(x). It is plain that 
the truth of the formula must depend upon assumptions about the 
behaviour of f(x) in the complex plane; and this leads us, in the next 
section, to investigate the Euler-Maclaurin formula from a quite 


~ We return here to the convention that integrals without limits are over (0, 0). 
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different point of view. It will, however, be useful to make one pre- 
liminary remark of a formal character. If we write 


1 a yf art 

z {f+ in)—fd—in)} = 2D (ga 
insert this expansion in (13.13.9), integrate formally term by term, and 
observe that 


qos = B, 
(13.13.13) | wen =z: 


then we are Jed back to the series 
1 
0 = —F)+4f0)— > foray, 
thus connecting (13.13.9) with our earlier ae 


13.14. Investigation of the Euler-Maclaurin formula by com- 
plex integration. We suppose now that f(z) is an analytic function of 
z= x-+1y, regular for x > €, where € < 1, and that 
(13.14.1) e~2alul| f(x+iy)| > 0, 
when |y| ->0o, uniformly in any finite interval (€,X) of 2. We denote 
the rectangle defined by = 1, x = n, and y = +Y, with semicircular 
indentations of radius p round 1 and n, by C(p); the indentations them- 
selves by I(p); and define C as the limit of C(p)—J(p) when p > 0, and 
C, and C, as the parts of C above and below the real axis. 

By Cauchy’s theorem 


ee =| am cot 7zf(z) dz = 'f (m) 
c 


here the integrals along the vertical sides of C are principal values, and 
the dash implies that the extreme terms of the sum are affected by a 
factor 4. Also 


J aif (z)dz = —mi f f(a) dx, f {—mif(z)}dz = —zi f f(x) da 
1 Cs 1 


OQ; 
and so 


(13.14.2) $ f(m) = j fle) de + 4f0)+-4fln) +5. i He)fle) dz, 
where 


v(z) = cotmz+1 = 2 ; 24 


[en 2aiz? b(z) = cot7z—1 = pints] 


on C, and C, respectively. 
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It follows from (13.14.1) that the integrals along the horizontal sides 
of C tend to 0 when Y >; so that (13.14.2) reduces to 


n n 
(13.14.3) a fi) { fe) de —$3f(n)—3fQ) = Q(n)—Q(1), 
s c+io 
where Qc) =5 | b(z) f(z) dz, 
c—io 
and both Q(n) and Q(1) are principal values, at z=n and z= 1 
respectively. Also 
24 24 
p(1-+ty) = Toei (y > 9), a | (y < 9), 
and (n-+-iy) has the same values. Hence, inserting these values in 
Q(n) and Q(1), and associating together the contributions of positive 
and negative y, we obtain 


(13.144) Q(1) = 2 | at) dy, Qn) = 2{ g(r 9) dy, 


where q(x, y) is defined by (13.13.8). The integrals now converge in the 
ordinary sense, since g(x,y) is O(|y|) for small y. If f is real for real z, 
then (x, y) is the imaginary part of f. 

We now expand q(n,y) by Taylor’s theorem, in the form 


(13.14.5) 


a(n y) = uf (0) L$" 0) +b (V4 A fOEN) daca 


substitute in the integral for Q(n), and use an We thus obtain 


n n k 
13.146) $ fim)— f fleyde —afln)— > (1S fon) 
ae 1 r=1 : 


2rry __ 


=9i)= 2 | ID. dy + Bye), 


where R,(n) = 2 ak dy. 


The last series on the left of (13.14.6) is the S,(m) of §13.5. If we can 
show that R,(n) > 0 when n > oo, then we shall obtain 
ery.) 


> f(m)— [f@ dx—4if(n)—S,(n) > 4f() —5 fa+y)—fl—ty) dy, 
m=1 
1 


in agreement with (13.13.9), since F'(1) is 0 when a = 1. This is the 
Abel-Plana formula. 
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In order to prove that R,(n) > 0, we must naturally impose much 
severer restrictions on f(z). We suppose that 


(13.14.7) fM2) = O(\z|**) 
for a fixed c and each r, when z > co in the half-plane x > €. We shall 
also suppose that 2k+1 > c. Then, using (13.14.5) and the formula 


aly) = 9(0)-+99'(0)-+.+ Ee 9(0) + I (1—u)Ptg@# (yu) da, 


with q(n,y) for g(y), we find that 
(—1)Fy2*+1 ; : . 
dex val¥) = Saree — | L—wparpeeen(n-+iyn) +f een — ign) du. 
0 


It follows from (13.14.7), since |n-+-iy| > and 2k+1 > c, that 
dax+i(m, y) = O(|y|?***ne-2k-) 


uniformly in y, and so that 


YAS 
R,(n) = O(ne-2*-1) | dy = O(n¢-**-1) + 0, 


e27y__] 


when n — 00; and this completes the proof. 

The conditions are satisfied, for example, if f(x) = x-* or f(x) = logz, 
and we thus recover many of the results of §§13.10-13. We naturally 
cannot expect to find in this way such precise results as those of § 13.7. 


13.15. Summability of the Euler-Maclaurin series. We shall 
call 


(1315.1) Gln) = Hfln) + S4F (n) +0— 2 "(n) 40-4... = Sa, 
where ?} 


(13.15.2) 
dg = Hf(t), ayy =P Fr penn) @ S1), yp = 0 (r > J), 


the ‘Euler-Maclaurin series’ of of fin). We have seen that it is in certain © 
circumstances an asymptotic series for 


(13.15.38) ®(n) = f(1)+f2)+...+-f(m)— [ fle)dx—C 


and the question remains whether it is summable by any of the methods 
of earlier chapters. The series usually diverges rapidly, so that a rather 
drastic method of summation will be needed. We shall show that in 
certain cases, including those which we have considered particularly in 
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the preceding sections, the series is summable by the method (B*) of 
§8.11. 
We suppose first that 0 <8 <1,s > 0, and 


(13.15.4) f(z) = O(lz|-*) 
uniformly in the half-strip x > 6. Then 
fer-(n) = (2r—1)! f(u) 


Qa (u—n)*  ” 
Cc 


where C is the line — d—100); and hence 


(13.15.5) a(t) => a5 flr) +P of (n) — Fh BF (n+. 
0 


| 
Cc 
Bf EL 8 = a [tole 


where w = t/(n—u). The integration term by term is justified for small 
t, since |w| < a (n—8S), 


wo| +52 flo. = pg boot dial 


is bounded for |w| < 7, and 


Stu) 
U 


lee 


Cc 


Thus the final formula (13.15.5) is true for small é. 
Let us assume provisionally that the function a(t) defined by the 


series is equal to l ne 
C 


|du| <<. 


ev — 


i. 7 du 
for all positive ¢. Then 


[ era dt = [Teale 2 Fea -1) aul dt 


=a f feo Fey —1) a du, 
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provided that we may invert the integrations, as we also assume 
provisionally. The inner integral here is 


1 foley 


Oe aati = pe'?, 


where w= 
n—u n—b&—ty 


say, and |¢| < 47. Applying Cauchy’s theorem to the sector bounded 
by the real axis of ¢ and the radius argt = —¢, we obtain 


—re~ a. et -i -Riw 1 


I’(1+n—1u) 
Til+n—u)’ 


by (13.13.7), the logarithm having the value which is real when u = 6. 


Thus 
Ss i, AA I’(1+n—wu) 
(13.15.6) (i e—a(t) dt = or | te foee—o— Tal du 


as { ne ih een = 


It follows (apart from the justification of our provisional assump- 
tions) that G(n) is summable (B*) to this sum, and that S(n)— G(1) 
is summable (B*) to sum 


n—U _Md+n u) , I’(2—u) 
ini | loss Ju T0d+n— To + Ree 


= Si | Seat i a | SOE patyeyte tae) 


=f2)+f8)+AFO) +5; | SwlogT— 
Finally, : 


= | f(u)log— du = 3 f f(u){log(n—u) —log(1—u)} du, 
c e 


where C’ is a lacet formed by the line (5,”) taken twice in opposite 
directions, the singularities at u = 1 and wu = n being avoided in the 
usual way by semicircles whose radius is made to tend to zero. The 
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value of 13{log(n—u)—log(1—w)} is 0 on (8,1), —ai on (1,n), mi on 
(n, 1), and 0 on (1,8), and so 


so | flog tau = — f flu) de 
Cc 1 


(13.15.7) (mn) —S(1) = f(2)+f8)+....fm)— f flu) du, 
1 


(13.15.8) (nm) = f()+-f(2)-+...+f(n)— f flu) du —C = (n), 


the series being summable (B*), and C = f(1)—G(1) being the Euler- 
Maclaurin constant of f(x) for a = 1. 
It remains to justify our provisional assumptions. For this it is 
sufficient to prove (a) that, if 0 < t < t,, the integral 
ae (eee | ‘ — 7) au (w=) 
Ww 


Qt |} n—Uu\er—l1 n—U 
Cc 


converges uniformly in some region including the stretch (é,,¢,) of the 
real axis in the plane of ¢; and (b) that the double integral 


K= | 1feoliaw i or au { o 


is convergent. It is plain, first, that the conditions will be satisfied if 
I I 1 1 


ew—l ow ev—1  w 


e- 


NG 
w—] w 


(13.15.9) < H, 


< A(1+%), 


respectively, for all relevant values of t and uw. For then J and K are 
majorized by multiples of 


J in—w J ina 


sie, It is also siete sufficient to consider the upper half of C. 
(a) Suppose that t = re*?, where 


0O<N<rSsn, |@Q}<a 


The first condition (13.15.9) is certainly satisfied if one or other of the 
conditions 


(13.15.11) lwl <A <27, p=Rw>é>0 


t The formulae agree with (13.6.3)—-(13.6.5) for a = 1, k = o, since then F(1) =0 
cand $f(n)+S8,(n) becomes G(n). 
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is satisfied for some A and é and all ¢ and u in question. If u = 6+1y, 
where y = (n—8)tand¢d > 0, then 0 < ¢ < 47 and 


a ct ret _ T0084 49 +4), 
n—d—iy (n—8)(1—itand) n—S 
ioe seas = 1228 cos(0-+4). 


If d > 47—2a, cosd < sin 2a, and 
|w| < —2. sin2a =A. 
If0<¢ < }7—2a, cos(8+¢) > sina, cos¢ > sin 2a, and 


pS 7 gfin asin 20 aan 


If we choose « so that A < 2m, then one or other of (13.15.11) is satisfied 
for all relevant ¢ and w. 

(b) In this case ¢ is real and positive, and the second condition 
(13.15.9) is satisfied if one or other of 


(13.15.12) lw| <A < 2n, Rw > Eft (€ > 0) 
is true for the relevant ¢ and w. 
Now either (i) é < A|n—w|, where 0 < A < 27, in which case |w| < A 
or (ii) t > A|n—w|, in which case 
= Bl gy 2 
aw = 2 t =< 8) _ AX(n—8)_ & 


n—b5—ty t 


~~ |n—u? t ¢° 
We have thus proved 
THEOREM 246. If f(z) is regular, and O(|z|-*), where s > 0, in the half 


plane x = Rz > 58, where 5 <1, then the Huler-Maclaurin series of 
f(z) 1s summable (B*), to the sum (13.15.3): in particular 


C= — PO) +H — 2140422 f"(1) 40... (B*), 


13.16. Additional remarks. (1) We have supposed that f(z) satisfies 
(13.15.4), so that the integrals (13.15.10) are convergent. If we suppose only that 
|f(z)| = O(|z|*), for some c, then 


|n—u|?? 


will be convergent for r > 3(c+1), and we shall still be able to prove the summa- 
bility of 

(=D 
(r) — 

Sn) = 040+... +04 aa 


(=a) 


B, fn) + 0+ 5 


Bry fOr (n) +o 
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We can then pass to G(n) by adding on a finite number of terms, and the 
substance of our conclusions will be unaffected. Thus, if f(u) = u-*, where 
—l<s<0,orf(u) = log, we can take r = 1. 


(2) We have used the (B*) method, which involves the notion of the analytic 
continuation of a(t). If (as actually happens in the most important cases) a(t) is 
regular for R¢ > 0, then the positive axis of ¢ is included in the Borel polygon 
of a(t), and the series for q(t) is summable (B). In this case we may say that 
©(n) is summable (B?), i.e. by a repeated application of Borel’s integral definition. 

Suppose, for example, that f(z) satisfies (13.15.4) uniformly in any sector 
issuing from 6 and excluding the negative axis. Then it is not difficult to show, 
by a modification of the analysis of §13.15, that a(¢) is regular for Rt > 0, so 
that G(n) is summable (B2). We can also combine this remark with the 
generalization indicated under (1). In particular, the series 


(13.16.1) 545140 5240438 
B, 
(13.16.2) At 0428 47 = rs mete 


are summable (B?), to sums y and 4 log 27 respectively. 
It is easy to verify these assertions directly. For example, for (13.16.1), 


1B, Bis Bos i t 
t 


A= sto ta? +e ae oq—1 +4), 


the series being convergent for 0 < t < 27 and summable (B) for all positive ¢; 
and f e—a(t) converges to y, by (13.13.5). 


13.17. The ® definition of the sum of a divergent series. The formulae 
(13.10.11) give examples of the ‘R’ summability of divergent series of positive 
terms. We can use such equations, as did Euler and Ramanujan, to define the 
sums of series, such as 1—1+1—..., of the more usual type; but the definitions 
which result have a narrow range and demand great caution in their application. 

Thus it is natural, after (13.10.11), to write 
(13.17.1) 24+4+6-+4... = 2(11+24+3-4...) = 2(—34) = —4, 

(13.17.2) 14+3+65+... = 2+4+6+...—(1+141+4...) = —4+4 = }, 

(13.17.38) 14243444... = (143-4 ...)+(24+4+4+...) = 4-4 = 4, 

(13.17.4)  1—2438—4+4...=(14+3+...)-(2+44...) = F+4 = 

The last of these equations contradicts (1.2.17); and the sum to be assigned 
naturally to 1+2+3-+-..., by Euler’s principle of § 1.3, is either 00, ‘the value of 
(1—a)-* for x = 1’, or —+4, the value of C(s) = } n~ for s = —1. 

The —} and } in (13.17.1) and (13.17.2) are in fact the C of f(z) = 22 and 
f(x) = 2a—1 (witha = 0). But the 143+... and 2+ 4+... in (13.17.3) and (13.17.4) 
cannot be interpreted similarly. They must be regarded rather as 1+0+3+40+... 
and 0+2+0+4--...; and then there is no f(x), of a sufficiently regular type, which 
assumes the appropriate values. Actually, if we wish our results to be consistent, 
we must interpret 1+0+3+40+... and 0+2+4+0+44-+... as the values, when 
s= —l,of 

1-4 3-84... = (1—27*)f(s), 2-84-84... = 2-8¢(s). 


These values are (— 1)(— +35) = # and 2(—74) = —4; and 4;14(—4)is — 3; or }. 
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The sum of log 1—log 2+log3—..., according to these principles, will be the 
value of 
1-* log 1— 2-*log 2+3-log 3—... = (24-*—1)L/(s)— 2** log 2. 2(s) 


for s = 0, in agreement with the (A, d) sum of § 4.7, with A, = log(n+1). Thus 
we obtain 


(13.17.5) log 1—log2+log3—... = ¢/(0)—2log2.€(0) = —}flog da. 
It is easily verified that this is also the (C, 1) sum of the series. For here 
1.3...(2p—1) 


2p! 
8en = log — lee Bo — flog p—floga+o(1), 


2.4...2p 
Sep_1 = Sep+log 2p = flog p—} log a+log 2+-0(1), 


818, +... +8, 
rs Oana > —}tlog 47. 


and so 


NOTES ON CHAPTER XIII 


§13.1. This chapter does not profess to contain a systematic study of the 
Euler-Maclaurin formula and its generalizations, such as will be found in books 
on the calculus of finite differences. We concentrate our attention on those 
aspects of the formula most closely connected with the subject-matter of earlier 
chapters. We have naturally made considerable use of the principal text-books, 
in particular 

Jordan, Calculus of finite differences (Budapest, 1939); 

Milne-Thomson, The calculus of finite differences (London, 1933); 

Norlund, Vorlesungen iiber Differenzrechnung (Berlin, 1924); 

Steffensen, Interpolation (Baltimore, 1927); 

Whittaker and Robinson, The calculus of observations (London, 1924); 


and of the shorter accounts in Bromwich, Ford, and Lindeléf. The only part 
of the chapter with any particular novelty of substance is §§13.15-16, on the 
summability of the series. 

We have not attempted to give detailed references for the many special 
formulae which occur, particularly those connected with the zeta and gamma 
functions. 

§ 13.2. The notations of different writers vary considerably. Our B, and ¢,(x) 
are those used by Bromwich and by Whittaker and Robinson, and our B,(z) 
that of Nérlund. But Nérlund writes 


t i” 
a > Bani 


so that his Byn,,, for m > 0, is 0, and his Bz, is our (—1)""*B,,; and he is 
followed by Jordan and Milne-Thomson. This notation has the advantage that 
B,(0) = By. 

§13.5. The formula was found independently by Euler, Comm. Petropol. 6 
(1732-3, published in 1738), 68-97, Opera (1), 15, 42-72, and Maclaurin, Treatise 
of fluxions (1742), 672. See Cantor’s History, vol. 3, 663, and Enzykl. d. Math. 
Wiss., IA8 (§38) and IE (§11). The first serious discussion of the remainder 
was that of Poisson, Mémoires de 1’ Institut, 6 (1823), 571-602, and the first quite 
rigorous one that of Jacobi, JM, 12 (1834), 263-72 (Werke, 6, 64-75). 
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§13.6. The nature of Ramanujan’s work on divergent series has to be inferred 
from passages in his letters and note-books. 

§ 13.8. Poisson, l.c. under § 13.5. 

§ 13.9. Fourier, l.c. under § 2.8. 

§§ 13.10-11. A good many of the formulae here and in § 13.13 will be found in 
Bromwich, Appendix ITI. 

The most direct and elementary method for the analytic continuation of f(s) 
is that set out in Landau, Handbuch, 270-2: the ideas underlying the argument 
are similar to those used here, but it is arranged inductively. The methods of 
Riemann, of which Landau also gives an account, are more elegant and more 
familiar. 

For the last method of calculation of C in § 13.11 see Bromwich, MM, 36 (1907), 
81-5. 

§ 13.12. For details see Milne-Thomson, ch. 8, or Nérlund, ch. 3. 

§13.14. The argument is substantially that of Ford and Lindeléf. 

§§ 13.15-16. The main results of these sections seem to be new. There is a 
paper by Barnes, QJM, 35 (1904), 175-88, in which he considers the summability 
of the series (in the more general form of § 13.12) by methods of the Borel type; 
but the analysis is unconvincing. 

It is easily verified that the series is convergent if f(z) is an integral function 
of order | and type less than 27. 

§ 13.17. For the (C, 1) sum of log 1—log 2+-log 3—... see Bromwich (ed. 1), 351. 


APPENDIX I 


On the evaluation of certain definite integrals by means 
of divergent series 


1. In §1.2 we gave a number of examples of the use of divergent 
series in formal calculations, mainly of the values of definite integrals. 
We show here how these and similar calculations may be justified. 

We observe first that all the ordinary theorems concerning the con- 
tinuity, integration, or differentiation of the sums of convergent series 
have analogues for any linear method of summation T defined by | 
(3.1.3) or (3.1.4). We state the theorems for the method (3.1.3), and 
we confine ourselves to the most obvious analogues of classical tests, 
in which the functions concerned are continuous and the series uni- 
formly convergent. In what follows > a,(x) is summable (T) to s(z), 


i.e. (x) = ¥ aq(z) > s(x) (T). 


THEOREM 247. If (i) a,(x) is continuous in (a,b), for each n;t 

(ii) tm(®) = > Cnn Sn(x) is uniformly convergent in <a, by, for each m; 

(iii) > a, (x) is uniformly summable in <a, b> to sum s(x); 
then s(x) 18 continuous in <a, b>. 

For t,,(z) is continuous for each m, by (ii), and the conclusion follows 
from (iii). If T is row-finite, as, for example, when it is (C,k), then 
condition (ii) may be omitted. 

THEOREM 248. Under the same conditions 


b b 
r{ a,,(«) da = [ s(x) de (T). 
a a 
For the left-hand side is, by definition, 


b b b 
lim D Cas i) 8,(«) dx = lim J > Cin Sn(t). dx = lim i) t n(x) dx, 


and the conclusion again follows from (iii). 


THEoREM 249. If (i) a;,(x) is continuous in <a,b),t for each n; 
(ii) ¥ Cnn Sn(X) 18, for each m, uniformly convergent in <a, by; 
(iti) } a(x) is uniformly summable in <a, by; 
(iv) > a,(x) is summable in <a, by, to s(z) ; 
then s'(x) exists in the interval a < x < b, and is continuous, and 
Ya, (x) = s(x) (T). 


t With the usual gloss (assertion of right-hand or left-hand continuity only) at the 
ends of the interval. { With the gloss corresponding to that on Theorem 247, 
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This is a trivial corollary of Theorems 247 and 248. For f(x), the sum 
of > a,(x), is continuous in <a, b>, and 


(2) —s(a) = ¥ {a,(2)—a,(a)} = ¥ f any) dy = [ Santy)dy = [ fy)dy, 


all sums being taken in the T sense. It follows that s’(x) = f(x) in the 
intervala <2 < b. 


2. We pass to the problems (1), (2), (3), (5), and (6) of §1.2.f If we 
use the C definitions, then the transformations in (1) and (2) are covered 
by Theorems 247 and 249, all the differentiated series being uniformly 
summable (C, 1), for sufficiently large J, in appropriate intervals: alterna- 
tively, we may use the A definition. The first integration in (3) is covered 
by Theorem 248. 

The argument in (5) needs more consideration. We suppose that 
0<¢d<77. Then 


cosm#—cosmd _ sin nd ae 
cos@—cosé 2> ang cos n6(cos m8—cosmd¢) = > a, (C, 1), 


the sums being over (1,00), and 0 <<0<7,0#¢. The series }'a,, is 
uniformly summable in <0,¢—e«> and <¢+e, >, and so 


¢+ 


N : 7 € a te N re 
am 3 (wal J- J oer (IJ ee 20-wals) 
ne 0 ¢-€ 0 g- 7 
cos m8— cos mp 
-(J- Tse ~ cos O—cos¢ — sad 


The right-hand side tends to the integral (1.2.26) when « ~ 0, and it 


is therefore sufficient to prove that 
ote 


N 
we 2 (3), nceee 


exists for each « and tends to 0 with e«. A fortiori, it is sufficient to 
prove that 


} For (4), see the notes on Ch. I. 
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has these properties. Now it is easily verified that 


ote 
| a,d0 = 2 Sin es cos(m—n)d + sn Aad cos(m-+-n)d— 
‘ ara d\| m— m+n 
—2 coum cosng 4, 
where = is to be interpreted as « when m = 7; and m is fixed. 


It is therefore sufficient to show that the series 


co 


A= > sin nd cos(n— myp annoys, 
n=m+1 
B= 2 sin nf cos(m-+-n)d aa ; 


sin ne 


C = —2cosmd > sin nd cos nd 
1 


are convergent (as is obvious), and that their sum tends to 0 with e.t 
But 


= > sin(m--k)¢ cos kd sae ae ; B= > sin(k—m)¢ cos kd ake j 
k=1 


A+B= 2osms > sin kf cos hp 208 — —C, 


and so A+ B+C = 0. 
Passing to (6) of §1.2, we select the formula (1.2.28). Since 
sin 20-++sin 49-+-sin 60+... = 4cot6 (C,1) 
uniformly in (e, 47), we have 


N $7 $n 
, nk ; ay 
lim ( vn J Osin 2n9d0 = } | 8 cot 6 d6, 
n=] € 
and it is enough to prove de 
N € 
= (1 ~¥} J Asin 2n6 dé > 0 

when e -> 0; a fortiori, to prove that 


> | Pein 2nd do — 0 


tT We have rejected the terms ee ton = 1,2,...,m from A, and added those 
corresponding to n = 0, —1, ... —m+1to B. Obviously these all tend to zero. 
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But the series here is 


| ee i 
> hi (sin 2ne— 2ne cos 2ne) = ; > sme + ce log(2 sine), 


and plainly tends to 0. 
Many other integrals may be evaluated similarly. We may mention 


fOm—0),, oo 1  ((m—O)\2 4,  . wal 
J sin 0 a 8D Grip {{ sin 0 oo om Das" 
3 


(re cny Meee | _ tone ay \ 
J sec Ms Qn noe SOT id 27 log(2 cos $4). 
0 


The last two integrals are principal values, and 0 <¢ <7. 


3. The formulae of §2 may be derived, in much more general forms, 
from the theory of the ‘conjugate series’ of Fourier series. If 
(0) ~ Faot ¥ (a, 00820-+b, 8in n9) = $A 9(9)+ X A,(9), 
then the conjugate series is 
>(b, cos nO—a,,sinn#) = > B,(8). 
It is familiar that 


(3.1) > B,(8) = = | f(t)eot #(t—8) dt 


-7 

under appropriate conditions, the integral being a principal value at 
t= 6. For example, the series converges to this value if the integral 
exists and f(é) is of bounded variation in an interval round ¢ = 6. But 
(3.1) is the result of writing 


4cot $(t—0) = sin(t—@)+sin 2(t—0)-+..., 
and integrating term by term after multiplication by f(t). In particular 


> | f(tjoot 4 dt = 5 b,. 


Formulae with divergent integrals 


4. We now consider the formulae of §1.5. There are theorems for 
divergent integrals corresponding to those of §1, which we need not 
state formally. We can verify at once that the integrals (1.5.8) and 
(1.5.9) are summable (A) to the values stated, and uniformly in any 
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interval (m,,m,) of positive values. They are also summable (C, k) for 
sufficiently large k, since it is easy to prove that 


| ake-aie dy — T(k-+ l)eHe+Ymiq-k-1 (C, 1) 


fork > —l,a>0,1>k. In fact, if we integrate 


l 
{ ( -3| gke—aiz dz 


round the rectangle (0, X, X—ioo, —ioo), with suitable indentations at 
0 and X, we obtain 


x 
| 12)‘ vte-wie da = etre [ (14.4 *yFe-av dy + 
x Xx 
0 


4 elt+mig—aix X-I | y'(X —iy)ke-v dy. 
The first term on the right tends to 
en tMk-+Art J yke-w dy = V(k+ let tdaig-k-1, 


and the second to 0, when X > 00. 

We now prove two theorems concerning the formulae (1.5.10) and 
(1.5.11). 

THEOREM 250. If (i) F(z) = > a,2", (ii) m > 0, p > —1, 

(iii) } nla, 2" has a radius of convergence R > m-, 

(iv) | erimizyy F(x) dx is convergent for r > 0, then 


(4.1) { ahe-miz F(x) da = > T(n+p+ letter" -e la, 


the integral being an A integral. We may replace condition (iii) by etther 
of the more general conditions 

(ii’) S n!|a,/m-" <0, 

(iii”) > n! Vna,(im)-” is convergent. 


THEOREM 251. If (i) d(x) = O(e) for every « > 0, so that 
Hr) = f e-t*p(a) de 

ts convergent for r > 0, 

(ii) (7) is regular for |r| << m, 

(iii) ¥ n!a, 2” has a radius of convergence R>*m-, 

(iv) J e-*h(x) F(x) da is convergent for 7 > 0, then 


(4.2) | (x) F(x) dx = > a, J atp(a) dx, 


where F(x) = > a, 2", all the integrals being A integrals. 
4780 AQ 
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If d(x) = avHe-™=, then (7) = I'(u-+1)(r-+-mi)-#-1, and conditions (i) 
and (ii) are satisfied. Thus Theorem 251 includes the main clause of 
Theorem 250. 


Proof of Theorem 250. The equations 
(4.3) (7) = | eT dh(x) F(x) dx = etrimizyp F(x) da 


= > an f e-Timizyn+p dy = > T(n+-p+ 1)a,,(7--mi)-"-#-1 
are certainly true if 
J e-Tz > |a,,|a™+" da — > (n+ p+ La, |\r-?-#-1 < 00, 


and therefore for +r > m; and the final series in (4.3) is uniformly con- 
vergent in any interval 0 <7 <7. Hence y(r7) is an analytic function 
of + regular for 7 > 0, and 
x(r) > ¥ D(ntpt Va, (mi)-"-# = Fn pt le Werte rig, m= 
when 7-0. This is (4.1). It is plain that the proof is equally valid 
under condition (iii’). 

As regards (iii”), we have 

LV Mp M+ Mag (e- mi) = F V(t pt La, (mi)-m-e a 40H, 


me 


where Zo = ett 
T+m TY; 
e m? 3 7 7 ™ T 
= _— =O rw = wy 
rtm’ Pm me? em ~ in 


when +> 0. Thus 1—a ~ y*, and z-> 1 along a path having contact 
of the first order with the unit circle. It is known that if f(z) = Sc, z” 
and > vnc, is convergent, then f(z) > >.c, when z->1 along such a 
path, and our conclusion follows. 


Proof of Theorem 251. We have |4(x)| < He** for any positive « and 
an appropriate H; and so 


[em $@) ¥ laplanda < HY |a,| { eeu de 

. = HY nIla,|(7-«)-"-1 <0 
ifr—e > R-. It follows that 
(4.4) [ e*$(a) F(a) da = Sa, f e7p(a)arde = ¥ (—1)"a,, f(r) 
ifs > m. 


+ See Hardy and Littlewood, PLMS (2), 11 (1912), 411-78 (475, Th. 48). 
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If + > 0, then (wz) is regular inside a circle with centre u = 7 and 
radius ,/(m?-+-77); and so, by Cauchy’s inequality, 


(n) _ Mn) 
WC < crear a 
for any 7 > 0 and a corresponding M(y). Thus 
‘ nl|a| 
E lanl) <M) > eae ty ap 
Since m > R-}, we can choose 7 so that ./(m?+-77)—y > R-) through- 
out any interval 0 < + < 7, of 7; and so the series on the right of (4.4.) 
is uniformly convergent in this interval. It follows that 


x(t) = | e**b(x) F(@) dex 
is regular for Rr > 0, and that 
f eT p (a) F(x) dx > ¥ (—1)"a,, Y(0) = J a, lim { e-Th(a)a” dex 
when 7-0. This is (4.2). 
5. Examples. (i) To illustrate Theorem 250, we take 
F(x) = Jz), 
¥ nla,w = > cr) = > (—1) ;1-3 18 OE ast 
(so that R = 1), andy = 0. We obtain 
J J,(x)cos mz dx = 04+-0+0+4+... = 


1.31 1 
raat 7 ~ m1) 


for m > 1. Both equations are false for m <1, the values of the 
integrals being (1—m?)-? and 0.} 
(ii) We may illustrate Theorem 251 by the integral 


I(c) = J J,()Jy3(cx) da, 


where c > 0, « > —1. We observe first that 


‘ 1 
J J,(x)sin mx dx = a ee 


= 2°+47DP(v-+$) 
5.1 Tayv +1 Sh ASL 
(5.1) [ errant (a) dee = Te 
for r > 0, v > —1;f from which it follows that 
(5.2) | avtli2my (2) da = 0 (A) 


+ Watson, 386. . t Ibid., 386, 
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for m = 0, 1, 2,..... On the other hand 


(5.3) i w(x) da = 2°10) (A) 
for v > 0.f 
If c < 1, we take 
P(x) = a-*-1 J, 4 (€#) = Ap tayx?+..., P(x) = x41 S, (2). 


Then & = I/e > 1, and (7) is regular for |7| <1, by (5.1). The 
conditions of Theorem 251 are satisfied, and 
I(c) = 0+0+0+... = 0, 
by (5.2). If, on the other hand, c > 1, we take 
F(x) = a-*J (x) = Ap +a,27+-..., f(x) = 2*J, 4, (cx). 
Then #& = 1, and Y(r) = J e~7* XJ (cx) dx 
is regular for |z| < c.{ The conditions of the theorem are again satisfied, 
and 
reg 2-%e7o-4 « ~—«-1 
I(c) = ay | 2 Jyii(cx) dx +0+0+... = Tap LS 44(%) da = c~%-1, 
by (5.3). Thus I(c) = 0ife < 1 and I(c) = c-*life > 18 
6. We conclude this appendix by considering some integrals which 
combine some of the features of those of §§ 2 and 4. 


rom tang = 2(sin 2x—sin 42-+sin 62—...), 


secx = 2(cosx—cos 3x-++ cos 5a—...), 


we deduce formally 
(6.1) | f@)tanz dx = 2(Vg—U4+V—e—...), 

| f(x)seca dx = 2(u,—ug+u,—...), 
where Uy, = | f(x)cos nx dz, Un = J f(x)sin nx dz. 


The integrals on the left in (6.1) will usually be principal values at 47, 
37,... (and may require additional conventions); those on the right may 
be convergent or divergent. Thus, if A > 0, 


2 4 
Ar = Qf 
(6.2) fe tana dx = are aut) 


A A 
Ax — : 
{ e“' $eC x dx = als BR at} 


t Watson, 391. The integral is convergent if 0 < vy < 3. 
t w"(r7) is an integral of the type (5.1). 
§ Watson, 406. Our theorems do not yield the value of J(c) in the limiting casec = ]. 


6] BY MEANS OF DIVERGENT SERIES 357 


in this case each w, or v, is convergent, and the integrals on the left 
may be defined as limits of integrals over (0, X) when X -> 00 in a way 
which avoids the poles appropriately. Or again 


: 4 
(6.3) f cos dx tan x dx = (ea aaet 


J sin dz tana dx = 0, 
if AX ~ 2n; and 
(6.4) [ cosrvsecx dx = 0 
. r A 
{ sin Axseca dx = ppg t +) 


if AX ~2n+1. In this case the u, and v, are A integrals, and the 
integrals on the left require an A convention in addition to the con- 
ventions necessitated by the poles. 

We consider these formulae a little more closely. We begin by 
proving 

THEOREM 252. If f(x) is positive and tends steadily to 0 when x -> «, 
f' (x) ts continuous, and 


<0 Na 
f f(x)tan a dx = lim i f(x)tan x da, 
0 N>% 3 


where the integral on the right is a principal value at 4m, 3r,..., is con- 
vergent, then 


| f@)tanz dz = 2( | f(«)sin 2x dx — { f(e)sin 4a dx +..). 
We need two preliminary remarks. 
(a) It follows by partial integration that 
Na Na 
J f(z)tanz dx = 4 | f'(x)log cos*x dx. 
0 9 


Since f’(x) < 0, log cos*x < 0, it is necessary and sufficient for con- 
vergence that 


J f'(x)log cos*a da < oo. 


We may replace Nz by any sequence ay which keeps a distance § away 
from the poles of tan z. 
(6) Since 


Ven == J se)sin 2nx dx = ~e | #@0—c0s 2nx) dx = of?) 


t There is no real difficulty in the partial integration, in spite of the infinities of the 
integrand. See Hardy, PLMS (1), 34 (1902), 17-40 (21). 
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the series v,—v,+... will be convergent if it is summable (A). It is 
therefore sufficient to prove that 
2(v,72?—vgrt+...) >$ | f’@)log cos*x dx 


(assumed finite) when 7 > 1. Now 


2(v,7?—v,74+...) = 2 > (—1)"-1r2n | feorsin 2nx dx 
1 


= =D (1a | f'(@)(1—c08 2na) dx, 


and >F=f | f(a) |(1—cos 2na) da < | | f’(a)| da <0 


when r <1. Hence 


foe) 


2(verr—wyr+...) = — [re> (oY (1—e08 2nx) dx 


1 


l ; [--r2)2 
= 3] i (log dx 


2r?cos 2a-+-r4 
and it is sufficient to prove that 
me ees ’ (1-+-7?)? ’ 2 
J(r) = | f (z)log {}Br® cos 2a v4 dz > | f'(«)log cos*x dx 
when r->1. But it is easily verified that 


(172) 


0 < log—_—.-_—_, 
°8 1-+2r? cos2a-+r4 ~ 


log 


cos? x 
for0 <r<1,cos?z £0. It follows that J(r) converges uniformly for 
0<r<1,and that J(r) > J(1). This proves Theorem 252. The con- 
ditions are satisfied if f(x) — e~*”, when we obtain the first equation 
(6.2). 

The proof of the second formula is similar. 

To prove (6.3) we observe first that 


| e-8t log cos*a da 
converges, and represents a regular function of s, for Rs > 0. The 
same is true of 
| e~*“tana dx = —38 | e-** log cos*x dz, 


where the integral on the left is defined as under (a). Putting s = a+iA, 
and making o -> 0, we obtain (6.3). The formulae (6.4) may be proved 
similarly. 


APPENDIX II 
The Fourier kernels of certain methods of summation 


1. It is familiar that the summability of a Fourier series 
dag+ > (a, c0sn0+5, sin n8) 
by a method T with 
Tm => mnSn [or r(x) = > c,(x)s,]T 
depends on the properties of the ‘kernel’ 
K,,(t) = > enn Seis [or K(x, t) = > C,(2) | 
In particular, if T is a ‘regular K-method’, in the sense of Hardy and 
Rogosinski,{ i.e. if it is regular and 
dy Aemnl <0 [or > nlc,(x)| <0] 


for each m [or x], then a necessary and sufficient condition for summa- 
bility, to sum c, is that 


3 5 
J g,(t)K,,(t) dt > 0 jor | g,(t)K (a, t) dt > of, 


where g(t) = HF(O+2)+f(0—t)—2¢}, 
for any 5 > 0. 
Further, if we call the conditions 


t 
(1.1) golt)>0, (1.2) f go(u) du = oft), (1.3) f Ige(u)| du = off) 
0 0 


_ k,, 1,, and L,, respectively, then there are three fundamental theorems 
concerning regular K-methods, due in essentials to Lebesgue.|| 


A. If 
(1.4) J |K_(t)| dt < H, 
. 0 


where H is independent of m, then k, is a sufficient condition for summa- 
bility to c. 


t We use 7 for the ¢ of § 3.1, ¢ being needed for other purposes. 

{ Fourier series, ch. 5 (referred to as HR in what follows). 

§ HR, Theorem 69. 

| See HR, Theorems 70, 71, 72. In Theorem 72, the first condition (5.6.5) is a 
consequence of the second, provided that Kj,(7) = O(1). The variations for the con- 
tinuous parameter =~ are trivial. 
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B. If | 
vis 


(1.5) | t|K’ (t)| dt < H, 
0 
then 1, is a sufficient condition. 
C. If |K,,(t)| < K*(t), K*(t) is absolutely continuous, except perhaps 
at the origin, and 


(1.6) fax) dt<H, |K*(m)| <H, 
0 


then L, ts a sufficient condition. 


It is plain that &, implies L, and that L, implies /,; on the other hand, 
(1.5) implies (1.6) and (1.6) implies (1.4). The condition L,, and a for- 
tiort L,, is satisfied, with c = f(6), for almost all 0; so that a method of 
summation which satisfies (1.6), and @ fortiort one which satisfies (1.5), 
is ‘Fourier-effective’, i.e. sums any Fourier series almost everywhere 
to its generating function. 

When T is (C, 0), (C, 1), A, then K,,(¢), or K(r, t),t is 


D.@) — Snemtik Pie ered 
m(t) 2sindt ” Fn 2(m+1)| sin de , 
1—?r? 
a) 2(1—2r cos t-+-7?)" 
The last kernel satisfies (1.5); the second satisfies (1.6), and a fortiori 
(1.4), but not (1.5); while the first does not satisfy even (1.4). Thus 
the A and (C,1) methods are Fourier-effective. On the other hand, . 
classical convergence is not. 
We consider here the kernels of the methods (C, k), (A, 2), (VP), B, 
(E, q). 


2. The (C, &) kernel. We prove 


THEOREM 253. The (C,k) kernel satisfies the conditions of C, and a 
fortiori that of A, for every positive k. It satisfies that of B if k > 1, but 
noiufo<k<l. 


It is a corollary that the (C,%) method is Fourier-effective for every 
positive k. We write 


4+ cost--cos 2t-+... = Cote te,+... = 3 Cn, 


+ It is convenient to use r here instead of x. 
t HR, 70 (Theorem 79). 
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and denote by CX the kth sum-function of dc,-t Then 
-1 
K,,(t) = ] Ce, 


Plainly we may suppose m > 2. 

(1) Weestimate K,,(t) for 0 <t < 1/mand I1/m <t <7. If0<t<1/m, 
then c, = O(1), Cy = O(m), Ck, = O(m*+1), and K,, = O(m), uniformly 
in ¢; so that, for an appropriate H, 

(2.1) \K,1|<KR=Hm (0 <t< lfm). 

When ¢ > 1/m, we use the formulae 


° Se “wn 1—u? 
m =5 1—2u cost+u2’ 


1—u? 1 
ck yum — ; 
| > 5 1—2u cost-+u? (l—w)*+t 
/ 1 1—u? du 
2.2 Ce — —. | - 
(2.2) ™m zal 1— 2u cost+u? (l—w)*+lym+t 
c 


where C is a small circle round the origin. We may deform C' into a 
lacet C, formed by the circle |u—1| = p, where p < |1—e*|, and the 
line (1+-p,00) described twice in opposite directions, provided we allow 
for the residues at the poles uw = e*#, Calculating the residues, we find 


(2.3) K,,(t) = Q(m)-+ W(m), 
— DRADE(m+1) sin{(m+ 4h-+4-4)t— der} 
(24) 200) = —Kiatktly) Cin) 
P+ M mt) 1p de 
(2.5) W(m) = T(m+k+1) 4x | 1—2u cos t-+-u? (l—u)F+1ymtt 
It is plain that ‘ 
(2.6) Q(m) = O(m-*t-*-1) 


uniformly, and we have to estimate W(m). 
We take p = 3m—!. Then, for a positive H, 
|1—wet#| = ju—et#| > Ht 
(since é > m-") on the circular part of C,, and a fortiori on the recti- 


linear parts. Also |u|—”~-1! is bounded on the circular part. Hence the 
circular part contributes 


_, m) m1 1 
o(m Kk, ee a) = (=a) 


+ C* corresponds to the Ak of Ch. V. 
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and the rectilinear parts contribute 


co 


ole asts Ff $)~olmatn(i+as))- oe) 


1+43m-1 
It now follows from (2.3)-(2.6) that 
(2.7) K,, At) = O(m-*t-*-1) + O(m-H-2), 


(2.8) [K,,(t)| < Kit) = 4H (m-"t-*-14m-4-2) (m1 <t < 2), 
with an H which we may suppose the same as in (2.1). The K* defined 
by (2.1) and (2.8) is absolutely continuous, K* (m7) = O(1), and 


| t|K*’| dt = 1H (b+ 1)m-* f t-*-1 dt +2m-1 f {-2 a <= ett 
0 1/m 1j/m : 
This proves the first clause of Theorem 253. 

(2) We now suppose k > 1 and estimate K;,(t). Since K,, is derived 
from 0—sint—2sin 2t—... as K,, is from 4+-cost-+cos 2¢-+..., we have 
K;,(¢) = O(m?) and 5 

i/m 


(2.9) J t| Ki (t)| dt = o(m me fe us) = O(1). 


When ¢ > 1/m, K, m = Q'-+W’', where o” and W’ are the derivatives of 
Q and W with respect tot. Thus, first, 


Q'(m) = O(m-*.m .t-*-1) + O(m-*t-#-2) = Om -Ft-k-1), 


_Pe+ (m+) . (1—wu?)u sin t du 

T(m+k+1) Qt J (1—2Qucost+u2)? (l—u)Ftlymtt 
Hence, if we treat W'(m) as we treated W(m) under (1), we obtain two 
terms, of which the first is 


= 2a 
_, mt m an ] 
o(m = ar] s (<a): 


and the second is 


lms fs) =eLseaal+aa) ”)= laa) 


It follows that 
W'(m) = O(m-4t-3), -K“,(t) = O(m3-*t-*-1) 4. O(m-t-3), 


(2.10) [ x, at == O(m-# ime ai) +0 (m= [er a = O(1), 
1/m 1/m 1/m 


since k > 1. This, with (2.9), shows that K,,, satisfies (1.5). 
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The argument fails when k < 1, since then the first term in (2.10) 
is not O(1), and in fact the (C, 1) method does not satisfy (1.5).t When 
k < 0, the method is not regular, and (since summability then implies 
convergence) is not Fourier-effective. Kogbetliantz [AHN (3), 40 
(1923), 259-323 (276)] has proved that if —1 < k < 1 then 


K,,() = O(m) 
and K,,(t) = Q(m)+ O(m-4t-*) 
uniformly for 0 <t< a. The proof may be carried out on the lines 
of that of Theorem 253. 


3. The (A, 2) and (VP) kernels. For the (A, 2) method 
K(r,t) = $+rcost+7* cos 2t-+7° cos 3t+.... 
If r=eTt (ny > 0) 
then, for 0 <t< 7, 


00 ] ve) 
3 4 ] k a e-@n7 egg nt eo e ~(2m7 —t}?/4n4? 
(8.1) : x 2yva > 


—o 


= e—Pl4n' 7? O e-Hin? ‘ 
Faget + Ofe-H) 


uniformly in ¢. For summability to c, it is necessary and sufficient that 
) 
z | g (tyes? dt > 0 
0 


when 7~— 0. The kernel K mimics 


a _ earn? 


_ 2nva 
and its derivatives mimic those of LZ. Also 


ioe) 


| t|.L'(t)| dt = ot { t=, ePibn? i} = ofr | t2¢~E 40°? i} = O(1). 
0 4 0 i 0 
Thus the (A,2) method satisfies (1.5). It is easily verified that it 


satisfies 
Tv 


(3.2) | t?| K\t)| dt = O(1) 

0 
for every p. It follows that, like the A method, it will sum derived 
series of Fourier series at points where the generating function has a 
derivative, or generalized derivative, of appropriate order. 


+ See HR, 62. 
} Seo HR, 68-9, or Zygmund, ch. 10 (where there is a much fuller account). 
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We shall prove in Appendix V that the (A,&) method is Fourier- 
effective for every positive k. 

It is interesting to find a row-finite method which has similar 
properties, and de la Vallée-Poussin’s provides an example. In this case 


Ko (t) =: 4 _m(m—1}) - 
mit) - _ ——"-, C08 Ser ea ree ry 2i+... = A,,(cos $t)2™", 
where A,, = 22"-1l car ak o~ h/(mz). 
Since cosa < e~* for 0 <a < dr, . 
f t|.K7,,(t)| = O{ms J ésin $t(cos $t)?"-1 a 
0 


= a J t2¢-tmt? a) = O(1). 
j 


Thus 4,,,(é) satisfies (1.5), and it may be verified that it satisfies (3.2) 
for general p. 

4. The B and E kernels. Since a, and 6, tend to 0, it is im- 
material which form of Borel’s definition we choose. Taking the 
exponential definition, we have 


x" sin(n+4)t  e-*A—cost) , : 
K(x, t =e - = . sin(x sin f+ 4t); 
(78) n! 2sin 4 2 sin 4¢ ( +2) 


and we may replace this, with trivial error, by 
t~le—2.— cos) gin (x sin t). 
The kernel does not satisfy (1.4). For e-74-°s) > H for 0 <t <ax-# 
and sin («sin t)| > H|sin2t|+O(at3). 
It follows that 
act at 


[iia [Sa +0 oo fist a ‘bas 


when 2 +00. In fact the method is not Fourier-effective, and does not 
sum all Fourier series at points of continuity. 
The (E,q) kernel behaves similarly. We suppose g = 1, since it is 
only in this case that the formula for K,,(t) is simple. Then 
K,,(t) = 2-" > (7) es ee in 
n=0 se 


2 sin dt 2 sin 4¢ 2 


It is easily verified that J | K,,(£)| dt is not bounded. 


APPENDIX III 
On Riemann and Abel summabtlity 


1. We prove here three theorems which we have referred to in Chs. 
TV and XII, and which may be stated shortly as follows. 

THEOREM 254: (R, 2) — (A). 

THEOREM 255: (R, 1) — (R, 2). 

THEOREM 256: (R,.) — (A). 

They assert relations of complete inclusion between methods of summa- 
tion: thus Theorem 254 says that, if a series is summable (R, 2), then 
it is summable (A) to the same sum. 

There are different proofs of all the theorems. We follow that of 
Kuttner, who first proved Theorem 254 in full generality. The method 
of proof, by ‘formal multiplication’ of trigonometrical series, was 
devised by Rajchmann and developed by Zygmund. It is unlike any 
method which we have used so far, but depends on theorems which 
we proved in Ch. X. 

We defined the ‘Laurent product’ of two series, infinite in both 
directions, in Ch. X. Here we are concerned with trigonometrical series. 
We write 

A= = Qin emix, B= > b,, erie 
and define C' by 

C = D cyer*, =. >> a, b:. 

=p 
If a,, and 6, are even, and 
Bn +G on = 20m = Gms b,+6_, = 2b, = 8B, 
then c, also is even, Cy+C_» = 2, = Yp, Say, and 
(dap-+a, cosx+...)(ZBo +f, cosx+...) = dyy+y,cosz+..., 
where =k Dd anb- 
mtn=p  - 

This is the formal rule for the multiplication of cosine series.t In our 
applications, the sums which define the y, will all be absolutely con- 
vergent. The product of two sine series is also a cosine series, and that 
of a cosine series and a sine series is a sine series: it will not be necessary 
to write the formulae down in detail. 

{7 The formulae agree with those for ‘Fourier multiplication’ in § 10.12: in particular 


the formula for y, agrees with (10.12.8)~(10.12.10) if we remember that Ot, and B, are 
even. 
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Theorem 193 shows that, if a, = 0(1), > |n||6,,| <oo, and 
> b,e"" = Bia), 
N N 
then dc, e"*— B(x) ¥ a, ev > 0 
“Nv “N 
uniformly in x.t Translating this into the language of cosine series, 
we obtain 
THEOREM 257. If 


a, =O(1), DxnlB,| <0, Pot Xf, cosnx = Biz), 
and 


Yp = Bem Bn = 3(a Bp +o Bp-1 t+... % Bo) + 
+3(Op41 Bit %p42 Bet... +o1 Bp srt te Bpret--)st 
then dyo+ > Yn COS na —B(z)( fou+ > a, COS nat) >0 
uniformly in x. 


There are, of course, corresponding theorems for a cosine and a sine 
series or for two sine series. 


2. We require a preliminary lemma. 


THEOREM 258. If > c,(1—cos nz) is convergent for all x of an interval 
(x, B), then > c, ts convergent. 


We use the formula 


B 
(2.1) in | (1—cos nt)sin 5° dz = B—-a-+(cos na-+-cos nB)Q,, 


B 
where 

aH : T 
(2.2) Qn = 2(n®— H)’ AH = pag 
Plainly. 
(2.3) 0<Q,<7Hn (n? > 2H?). 


Since c,sin?inz-—>0 in a set of positive measure, c,—>0O and 
> n-I¢,| <00.§ 

We suppose >'c,, divergent and deduce a contradiction. If >'c, is 
divergent, then there is a positive 6 such that 


(2.4) | | en] = 


+ See the remark concerning uniformity on p. 235. 
t Remembering that a, = %m, Bon = By- 
§ See, e.g., HR, 84. 
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for pairs 4, v tending to infinity. We can therefore find p, and v, so 
that 
x Sent — (B—a)8. 
(2.5) pi > 2H? »> my, | en =), 0 <a 
1 


and then 


a » C,{B—a+ (cos na-+ cos nB)Q,} 
bt 


B ,, 
_ 2—a 
| > Sais Oe ee dx 


a Ma 
Lal 
> &n 


> (B—a) —23 ¢,1Q, > (B—a)8—20H > 
1 M1 fa 
by (2.1)-(2.5). It follows that 


eal > 4(B—a)6, 


Vy 


> c,(1—cos nx) 
Bi 


at a point of (a,8), and so throughout an interval (a,,8,) interior to 
(x, B). 

We can now choose a second pair 4s, v., with {4g > vy, for which (2.4) 
and (2.5) are true, and deduce that (2.6), with Hy, ¥, «, B replaced by 
Ma, Va, 04, By, is true throughout an (a, 8,) interior to (x,,8,); and we 
can repeat the argument indefinitely. We thus determine a sequence 
of pairs u,, v,, tending to infinity with &, and a corresponding sequence 
of intervals (a,, 8,), each included in its predecessor, such that 


(2.6) > 


V1 
> ¢,(1—cos nz) 
M1 


a ts rw—a 
> sina7—— 
"B—« 


(2.7) > c(t ewnn Se 
ME T 


throughout (a,,8,). There is at least one x common to all these intervals, 
and our series diverges for this x; a contradiction which proves the 
theorem. 


3. We now prove Theorem 254. This is the most important of our 
theorems, and we write out the proof in full, then indicating shortly 
the points of difference in the proofs of Theorems 255 and 256. 

We are given that ¥ a, = s(R, 2), and we may suppose (altering two 
terms of the series if necessary) that a, = 0, s = 0. Then 

F(h) = ¥ na, sin?ink | 
converges for small h, and F(h) = o(h?); and we have to prove that 
> 4,7" > 0 when r-> 1. The proof falls into two parts: we prove first 
that the truth of the theorem in two particular cases involves its truth 
in general, and then prove the particular cases. It is the first stage of 
the proof which depends on Theorem 257. 
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Since > n-*a, is convergent, by Theorem 258, we may write our 
series as | 


(3.1) gag+ > a, cos nh, 

where 

(3.2) a, =—}na, (n>0), m= —2 Da, = Dna,.4 

This series converges to F(h) for small h. The two particular cases 
considered in the proof are those in which (A) the series (3.1) is a Fourier 


series, (B) the series (3.1) converges uniformly to 0 in an interval of 
h including the origin. 


4. We begin by proving that the theorem, if true in cases (A) and 
(B), is true generally. 

We suppose that (3.1) is convergent and its sum bounded for |h| < 6, 
choose a positive 7 less than $5, and suppose that A(f) is any function 
satisfying the conditions (i) A(h) is even and periodic, and has three 
continuous derivatives, (ii) A(z) = 1 for |h| < 7», (iii) A(A) = 0 for 
2yn < lhl <a. If 
(4.1) A(h) ~ 485+ > B, cosnh, 


then B, = O(n-3) and 5 n\B,| <00. Also a, = o(1). It follows from 
Theorem 257 that if 


(4.2) . Bot D Yn cosnh 

is the formal product of (3.1) and (4.1), then 
N N 

(4.3) dyot > Yn C08 nh—X(h){ dary > «,, cos nh >0 
1 1 


uniformly in h. Since (3.1) converges to F(h) for |h| < 2y <6, and 
Ah) = 0 for 2n < |h| <2, it follows from (4.3) that (4.2) converges 
for all h, and to a sum F'*(h) defined by 
F*(h) = F(h) (\h| <9), MA)F(A) (7 < [hl < 2m), 0 (29 <A] <7). 
Since F*(h) is bounded, (4.2) is the Fourier series of F*(h).t 

If y,=— nc, (n> 0), y= 2.7, = DW, 
then (4.2) is related to > c, as (3.1) is to da,. Since 

F*(h) = F(h) = o(h?) 

for small h, 5c, is summable (R, 2) to 0. From this, and our assump- 


tion of the theorem in case (A), it follows that >'c, is ‘summable (A) 


to 0. 
+ The notation is different from that of § 1. 
t See, e.g., HR, 89. 
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On the other hand, since A(z) = 1 for |h| < 7, it follows from (4.3) 

that 

3(Yo—%) + > (Yn—%n) cos nh 
converges uniformly to 0 for || < y, and that > (c,—a,,) is summable 
(R, 2) to 0. From this, and our assumption of the truth of the theorem 
in case (B), it follows that > (c,—a,) is summable (A) to 0. Finally, 
since @,, = C,—(C,—@,), >, % is summable (A) to 0. 

5, It remains to prove the theorem in the two special cases. 

(A). In this case (3.1) is the Fourier series of a function d(h). Since 
it converges to F(A) for small h, ¢() = F(h) for almost all such h, and 
we may suppose that this is true for all such h. Hence ¢(h) = o(h?). 
Now 


nn 1—r? 


for r <1, the limits of integration being —z and w. Differentiating 
twice with respect to h, and then putting h = 0, we obtain 


n n 2 r(l—r?)Q 
Xa, 7 = —2> na, 7" = ~{ pr (8) dO, 


where 
(5.1) P = 1—2rcos@+7?, Q = (1+7?)cos €@—27(1-+sin*6). 
Now 1Q] < A{Q—r?+03, PB > H,{(1—r)24+ 84 


for appropriate H,, H;, and 4(@) = 0(6?). Hence 


Save = ol | ea aeeoqe) =o | apap) = 20 


when r—> 1. This proves the theorem in case (A). 


6. Passing to case (B), we start from the formulae 


I l—r? 
rn = 
=| P 


sp) © 


Ce 2 | (1—cosne) &, dé, 


where P and Q are defined as in (5.1). It follows that 


Ya,7" = — ey 3s al (1—cosn6) dé. 


Now, by hypothesis, 
dag+ ¥ a, cos 20 = =. >> m2 8 Ds —cosn§ = = -> “3 (1—cos 8) 


4760 
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converges uniformly to 0 for small 6, say for || < ¢, so that the contribu- 
“ tion of the integral over (—, £) is 0. It is thus sufficient to prove that 


(6.1) > <n [ -cosny 2 dd = (| 
4 


for any fixed positive { (and a fortiori to prove it bounded). First, 


(=a) 


is plainly bounded. Secondly, Q/P? and its derivatives of the first two 
orders are uniformly bounded in ({,7), and 


7 


Jn = | cosne S, G22 ND +055}, 


Ya n Pf) 
4 
by two partial integrations; and a, = o(n?). Hence 
QnIn __ a, sinnl Q(¢) 
om Deena mye oe 


Since > n-%a,,cosn@ converges uniformly for |@| < 2, > n—a, sinnf 
is convergent. Hence (6.2), and so (6.1), is bounded, and this completes 
the proof of the theorem. 


7. We need only say a few words about Theorems 255 and 256. 
In each case the first stage of the proof is like that of the proof of 
Theorem 254. In Theorem 255 our data concern the series > n—a, sin nh, 
and we must use the form assumed by Theorem 257 when J is a sine 
and B a cosine series. In this case the second part of the proof is 
trivial. If 
(7.1) > n—a, sinnh = F(h) = o(h), 


and the series is a Fourier series, then 
h 
a, omerd 
(7.2) >, <3 (1—cos nh) = J F(t) dt = o(h?), 


because a Fourier series can be integrated term by term; and if (7.1) 
converges uniformly to 0 for small A, then (7.2) is 0 for small h. 
In Theorem 256 we are given (again taking s = 0) that 


(7.3) ¥ ns, sin?inh 
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converges to F(h) = o(h) for small h, and have to prove that >a, 7" > 0, 
ie. that (l—r) 5 s,7% > 0. We write (7.3) in the form (3.1), with 


a, = —}n~s, (n>0), w= > ns, 
and argue as in the proof of Theorem 254. The argument proceeds 
much as in §§ 46, except that 4(6) is now 0(6) instead of 0(6*), and that 
the conclusion is 


1 
2 n = emma 
> n XT of; +), 
instead of o(1). 


8. We add in conclusion that Kuttner} has proved stronger theorems, 
viz. that (R, 2) —> (C, 2+8) and (R, 1) — (C,1+5) for every positive 8. 
There are also theorems bearing in the opposite direction. Thus Hardy 
and Littlewood} proved that (C, —5) — (R, 1), and Bosanquet, Paley, 
and Verblunsky§ have proved theorems which include both this and 
(C, 1—8) —»(R, 2). The special cases (C, 0) — (R, 2) and (C, —1)—> (R, 1) 
are familiar, the first (due to Riemann) being the regularity theorem 
for (R, 2) summability, and the second a theorem of Fatou generalized 
by Hardy and Littlewood,|| who proved that > a, = s (R, 1) whenever 
> a, converges to s and a,, > —H/n. 

+ PLMS (2), 38 (1935), 273-83. 

¢ PLMS (2), 28 (1928), 301-11 (305). 

§ Bosanquet, PLMS (2), 31 (1930), 144-64; Paley, PCPS, 26 (1930), 173-203; 


Verblunsky, ibid. 34-42. 
{| JEMS, 1 (1926), 19~25. 


APPENDIX IV 
On Lambert and Ingham summability 
1. We shall say that > a, is summable (L) to s, or that 


. 8, = A, +a,+...+a, > 8 (L) 
i 


ll i ali 
(1.1) FY) = > np a> 8 


when y > +0.} Ifthe series in (1.1) converges for y > 0, then 


FY) => 5, AME HS, j o( we) 
=u | a(eatyt dt = 2 a a(=}at) at 


d{ te+ 
g(t) a Fi) s(t) = 2 on t= -—->, 


where 


and we can also write (1.1) in the form 


(1.2) i a(Z)a(0 dis: 


We saw in § 12.9(7) that g(t) is W. Hence, as a corollary of Theorem 
233, we obtain (A) if > a, 1s summable (L) to s, and s, is bounded and 
slowly oscillating, or real, bounded, and site decreasing, then > a, 
converges to s. It is this theorem, with a,, = n-u(n), which is used in 
the proof of the prime number theorem sketohed4 in the note on §12.11. 
The proposition (A) is sufficient for the application, and this is enough 
to show the interest of Lambert summability; but (A) is imperfect as 
it stands, and we do not state it as a formal theorem. Actually, as we 
shall see in a moment, the condition ‘s,, is bounded’ is unnecessary, 
being a consequence of the other hypotheses. 


2. There are two theorems of inclusion connecting the ‘Lambert’ 
method with more familiar methods. 


THEOREM 259. If > a, = 8 (C,k), for some k, then > a, = 8 (L). 
+ The phrase was introduced by Ananda Rau, PLMS (2), 19 (1919), 1-20. It is 
co 
convenient to begin the series with a,, and >) will stand for >) throughout this appendix. 
1 
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Thus (C, k) —> (L). 
In particular, (L) is regular. The proof is straightforward,{ and we 
do not write it out in detail. It depends on a ‘convergence factor’ 
theorem. If Ya, = 8 (Ch); 
f,(y) ts continuous, and f,(0) = 1, for each n; n*f,(y) > 0 when y > 0 
and n-> co; and ¥ nA, (y)| < H, where H is independent of y; 
then > a, f,(y) > s when y > 0. In particular this is true if 

frly) = f(ny), f(9) = 1, f(t) == o(t-*) 


for large t and every k, and 
{ t#| f&+0(t)| dt <0 


for every k. Here we take f(t) = te-!/(1—e~). 
The second theorem is more difficult. 


THEOREM 260. If > a, = s (L), then } a, = 8 (A).t 
Thus (C, k) —> (L) — (A). 


It is plain that Theorem 260 enables us to deduce a Tauberian theorem 
concerning summability (L) from any one concerning summability (A). 
In particular, after Theorem 106, we have 


THEOREM 261. If } a, =s (L), and s, is slowly oscillating, or real 
and slowly decreasing, then > a,, converges to s. 


This is (A) of §1, relieved of the superfluous condition that s,, is 
bounded. 

Theorem 260, though a pure Abelian theorem, lies deeper than (A), 
its proof demanding the assumption of the prime number theorem 
and indeed of rather more. Thus, though (A) is a corollary of Theorem 
261, and the prime number theorem one of (A), we cannot base the 
proof of the prime number theorem on Theorem 261. We shall assume 
that, if 


_~ SH 
(2.1) N(e) = Daa. 
then 
(2.2) Y n-1|N(n)| <0. 


+t The theorem is proved by Hardy, PLMS (2), 13 (1913), 192-8. His proof may 
be simplified by using the theorem quoted, which is due to Bromwich, MA, 65 (1908), 
350-69 (358-9). 

t Hardy and Littlewood, PLMS (2), 19 (1919), 21-9. 
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This is true if, as is known, 


(2.3) N(x) = O{(logx)-*}.+ 

We suppose s = 0, and write, for y > 0, 
9.4 = -n = Ss 
(2.4) fy)=Tane™, gy) = > an 
Then 


(2.5) gy) = p2 NYO ps enmny = y 2 p3 na,em — —y > f'(my), 


the inversion being justified by absolute convergence. Hence 


FW) = > lm LD — ES A geny) 


y y my 


(m+ 1)y 


= > Mm) i) HO) dy = y+ ¥Y =5,45, 


<y-t m>yt 


say. Now g(u) = O(1), and g(w) = 0(1) for small u. Hence 


as ae |N(m)| 
8, = of emt f | of > i | = o(1), 
(m+1)y 
S = of > wom f a = of SS We = (1), 
m>y-* my m>y* 


and f(y) > 0. 


3. Theorems 259 and 260 are Abelian theorems stating relations of 
pure inclusion. It is natural to ask when summability (L) can be in- 
ferred from summability (A), and theorems of this kind have a Tauberian 
character. The Tauberian condition will be an additional condition on 


Fly). 


} Actually N(x) = O{(log x)-*} for every k: see Landau, Handbuch, 570, 593-7. 

It is obvious that (2.3) asserts more than (a) N(x) = 0(1), and so (as we shall see in 
§ 6) more than the prime number theorem, but it is a little less obvious that (2.2) carries 
these corollaries. It is, however, easily verified that (a) is a corollary, not only of (2.2), 
but of either of the weaker hypotheses. 


(b) > nN (n) is convergent, (c) > N(n) = O(n), 
NQe 


the second of which follows from the first by Theorem 26. In fact (c) is N(n) — 0(C, 1), 
and N(n), being the partial sum of a series whose terms are O(n-), is slowly oscillating. 
Hence, by Theorem 68, N(n) — 0. 

t By one of the inversion formulae of Mobius: see, for example, Hardy and Wright, 
237. 
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THEOREM 262.t If > a, = 8 (A), f(y) ts defined by (2.4), and 


(3.1) f(y) > —Hy~, 
then > a, = 8 (L). 
We suppose s = 0. We have 


fe) =— frat, 9) =—y SFr), 


by (2.5). Hence 
(m+ 1)y 


(3.2) Sy) =fy)—9y) = f {f'ery)—f'O} dt = X unl), 
say. Also m 


(m+l)y 
uf '(y) = ¥ > (Ff (my)—f (m+ Dy}) = J (f’(my)—f '{(m-+ 1)y}) at, 
(3.3) m 
(m+1)y 
Ty) =fu)—uf'y)—9y) = f (F{m+1yy}—-f'O) dt = J ml), 


say. Now f(y) > 0 and f"(y) > —H/y?, and so yf’(y) > 0, by Theorem 
101. Hence, in order to prove that g(y) > 0, it is sufficient to prove 
that 


(3.4) lim S(y) < 0, (3.5) lim Ty) > 0. 
We write 
(3.6) sy) =(¥ +S )nlu) = Sy) +Sity) 


and choose M so that H/M <e. If my <t <(m+l)y then 
f'(my)—f'() = —(¢—my)f"(7), 


where 7 lies between the same limits. It follows that 


f'(my)—f') < Amy, 
and so that 


(3.7) Sy) < > Hm? < HM" <«. 
; m>M 
Also yf’(y) > 0 with y, and u,,(y) = o(y.y~!) = 0(1) for each m. Thus 
- S,(y) > 0 when M is fixed; and this and (3.7) give 
lim S(y) < e. 
Since ¢ is arbitrary, this is (3.4). 


+ Hardy and Littlewood, PLMS (2), 41 (1936), 257-70 (258-60). 
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To prove (3.5), we argue similarly with T(y) and v,,(y). In this case, 
when my < t < (m+1)y, we have 
{m+ 1)y}—f') = (m+ ly—Bf"(7) > —Am- y+, 
and the rest of the proof follows the same course. 
Ifa, > —H/n, then 
f(y) = > n’a,e-"” > —H ¥ ne > —Ay-, 
_ so that the condition of Theorem 262 is certainly satisfied. 


A second theorem in this direction is 


THEOREM 263.f Jf > a, = s (A) and |f’(y)| < d(y), where p(y) ts a 
positive and decreasing function integrable down to 0, then > a,, = 8 (L). 


Ingham’s method 


4. Ingham{ has defined a method of summation which is related to 
his proof of the prime number theorem (§ 12.11) much as the Lambert 
method is related to Wiener’s. We shall say that > a, is summable (I) 
to s if 


(4.1) t(a) = > lala > 


1<n<z 


when z +00. The method is not regular, but its relations to the Cesaro 
methods are interesting. In particular Ingham has proved that 


(C, —8) —» (I) — (C, 5) 
for every positive 5. Here we prove only 
THEOREM 264. If > a, = (I), then > a, = 8 (C,1).8§ 
THEOREM 265. If > a, = s (I), then a, = o(loglog 7). 
We take s = 0 and write 
(4.2) 6,=na,, Bz) =F by, Fe) = at(x) = o(z). 
Then we have _ 


(4.3) F@)=36, S1= 5 SF b= > al), 


<z/n MBL NLL 
mR2/ S <x/m mex 


t Ananda Rau, l.c. (Theorem 22). His condition (ii) is superfluous, being a corollary 
of (i). The short proof given by Hardy and Littlewood, l.c. 259, is fallacious. 

} L.c. under § 12.9. (See Corrigenda, p. 386.) 

§ We shall see in § 6 that (C, — 1) —» (1) is a corollary of ‘Axer’s theorem’. 
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and so, by another of the Mobius formulaet 


B(x) = > win) (2). 


NRL 


Now : 
(44) AM) =F (ena, = > E -1)b, ” J (; -1) dB(u) 


NL 


1 eee & n 
= SH Prints — [APS to) a0= f AP 
Nx 1 i N<x/V i 


‘where N(x) is defined as in §2: we make the same assumption about 
N(x) as there. It follows that 


fBea—1f rfrwrse=1{]+[) 


After (4.2), this is 


ae ofZ J) do +2 i off =) (w)| do 
1 
= o( F MOA aul of f in| == 0(1). 


Thus A(z) = o(x), by (4.4), ie. Sa, = 0 (C, 1). 

This proves Theorem 264, and we can now transfer Tauberian 
theorems for summability (C) to summability (I). In particular we 
have 

TuroreM 266. If > a, = s (I), and s, ts slowly oscillating, or real and 
slowly decreasing, then > a,, converges to s. 


To prove Theorem 265, we write F(x) in the form 


Fe)= ¥ b= J > b,= 2 Bp 


MnKxz q<xx nig qKx 


} Hardy and Wright, 236. 
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say. Since F(x) = o(x), 8, = o(q). Hence, using the most familiar of 
the Mobius formulae,t 


qa,= b= > (2) Ba = of > d) = ofo(g)}, 


dia 
where o(q) is the sum of the divisors of g. But o(q) = O(qloglogq),t 
and so a, = o(loglog q). 
The deduction of the prime number theorem from (12.11.4) 


5. We have taken it for granted, in §12.11 and elsewhere, that the 
prime number theorem can be deduced from (12.11.4) by elementary 
reasoning. This was proved by Landau in 1911,§ but the proof is not 
given in any book. The deduction depends on an important elementary 
theorem which we shall call ‘ Axer’s theorem’.|| 


THEOREM 267. If (a) x(x) ts of bounded variation in every finite 
interval l<u< X, 
(0) ¥ a, = o@), 


and either of the pairs of conditions 
(cl) x(#)= 9071), (@)) 2. |a,,| = O(z), 
(c2) x(x) = O(a) (0<a<1), (42) a, = O(1), 


; : x 
is satisfied, then > an x(=) = 0(2). 
Nz 
We suppose 0 < 6 < 1, and write 
(61) 8) = Yax)= y+ F = Sth 
n<dz da<n<ex 


nN<x 


say. Then, if A, = 0, a,+a,+...+a, = A,, we have 


> (4,—Ay-ax (2) = S (4,~4y-a)x(-] 


ba<n<e n=[8a]+1 
[z]—1 
wv x x wt 
= —Ajsa) x<(rserca = i}+Aiax (a+ 2 Abe(i}-x Fes i}. 
[z]-1 
x x ¥ i xv 
vow halt erm ble) 
{ Hardy and Wright, 235. { Ibid. 264. 


§ WS, 120 (1911), 973-88. For the converse inference see Landau, Handbuch, 588-90. 

|| The actual theorem proved by Axer [PMF, 21 (1910), 65-95] is Theorem 267, with 
x(x) = x—[z] and a, subject to (b) and (d 1). It is the second form of the theorem, 
with conditions (c 2) and (d 2), which is most important here. The arrangement and 
proof are Ingham’s. (But see Corrigenda, p. 386.) 
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are, after (a), all less than functions of 6 only. Thus 
(6.2) | IS4| < ox) P(8), 
where P(8) depends only on 6. 
If conditions (c1) and (d1) are satisfied, then 
IS < HY lag < Hoe 


n<dz 


for a fixed H. If conditions (c2) and (d2) are satisfied, then 
i,1<a > ( =) < Hat(8x)!-* = H8'-*x. 


n<dz 
In either case we can choose 8(e) so that |S,| < «x; and then, after (5.2), 
choose 2% = 2% (5, €) = %o(e) so that |S,| << ex for x >2,. It follows 
that S(x) = o(2). 


6. The prime number theorem is equivalent to (x) ~ 2, where 


(6.1) (x) == A(n) ee log p; 
A(n)_ (8) 
= Dw = Fe) 


for Rs > 1.¢ Thus if 


He) = —FO—t)+2y = 5% 


then c, = 2y—1, c, = A(n)—1 (n> 1), 
C@) = 2 = 2AM) =U ray (x) —[a]+ 2y, 


and the prime ee theorem is equivalent to C(2) = o(x). Also 


ne’ 


Hs) = 7, Fa £'(s)—2(s) +27 L(s)} = F(s)G(s), 
where 
ay _ 
(6.2) F(s) = Fa) => M2, a, = w(n), 
(6.3) Gs) = — (0) — LHe) + 2y%(0) = > 22, 


so that 6, = logn—d(n)+2y, where d(n) is the number of divisors of 
n.t Thus, assuming (12.11.4), we have 


(6.4) A(z) = ¥ 4, = ¥ w(n) = Mz) = o(@), 
Bie) = & 5, = F losn— F dn)+ Ay 2h 


} See Hardy and Wright, 252, 344 et seq. t Ibid., 249. 
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The first sum in B(x) is zlogx—a-+ O(log x); the second is 
x log x-+(2y—1)z+O(v2), 
by a familiar result in the theory of ‘Dirichlet’s divisor problem’;} and 
the third is z+O(1). It follows that 
(6.5) B(x) = O(vz). 
Now from H(s) = F(s)G(s), ie. Dec, n-§ = da,n- > b,n-8, it 
follows that 
C = b, = =); 
©) = Ze =F tml = 3 tm Sibu = > Om B(E} 
Here (1) B(x) is of bounded variation in any finite interval (1, X); 
(2) A(x) = o(z), by (6.4); (3) B(x) = O(vz), by (6.5); and (4) a, = O(1). 
Thus the conditions (a), (5), (c2), and (d 2) of Theorem 267 are satisfied, 
and so C(x) = o(x). Thus the prime number theorem is a corollary of 
(6.4), and a fortiort of the convergence of ¥ n-1yu(n).t 
Here we have used the second form of Theorem 267. As an example of the 


use of Axer’s theorem in its original form, we prove the implication (C, — 1) —> (1). 
Rather more generally, we prove 


THEOREM 268. If > a, converges to 8, and na, > —H, then > a, is summable 
(I) to s. 


For then (taking s = 0) 
(6.6) > na, = o(z), > nla,| = > na,—2 ¥ naz = O(a), 
N<e nQe NRC NRe 


and therefore, by Theorem 267, 


(6.7) > na,(=— [}) = 0(x), 


>, lal = 2 ant o(1) = o(1). 


Nowe 


As a further example, if a, = n-"u(n), then the first of (6.6) is (6.4) and the 
second is trivial, and (6.7) follows, by Theorem 267. Also 


Dwell = 2.00 = Z Za = 


Nx 


since the inner sum is | when g = 1 and 0 otherwise. It follows from (6.7) that 


x » ue) = 0(z), 


nau 


i.e. that > n(n) converges to 0. Thus this is an elementary consequence of 
(6.4). 


+ Hardy and Wright, 262. 
{ See the footnote to p. 374. On the other hand, the prime number theorem implies 
un tny(n) = 0, Landau, Handbuch, 591-3. 


APPENDIX V 
Two theorems of M. L. Cartwright} 
1. If $a, = s (A,p), ie. if 


(1.1) Ya," > 8 
when y -> 0, and 0 <q <p, then }'a, = s (A,q), ie. 
(1.2) > a, eu" > 8, 


provided only that the series (1.2) converges for y > 0. We prove this 
here, in a more complete form and with a companion theorem in the 
opposite direction. 

If y = re® and (1.1) holds uniformly in the angle 


(1.3) —tr <a <A< a, < da, 

then we shall say that 

(1.4) > a, = 8 (A, p, a, a2). 

We shall prove 
THEOREM 269. If 

(1.5) p>0, q=kp, 0<k <1, 

(1.4) is true, and > a, e-¥™ is convergent for y > 0, then 

(1.6) Ya, =s (A,q, Br Ba) 

for 

(1.7) — ta+k(ga+o4) < By < By < 3a—k(ha—a,). 
THEOREM 270. If 

(1.8) p>, q=kp, k>l, 

(1.9) g— OX, > av -%) 


and (1.4) ts true, then (1.6) is true under the conditions (1.7). 


Some preliminary remarks are desirable. 

(1) In Theorem 269, 0 < q < p, and the theorem includes that cited 
at the beginning of the section. The convergence of > a,e-¥™, for 
y > 0, must be taken as a hypothesis. In Theorem 270, g > p. The 
convergence of }a,e-”” for y > 0, implied in (1.1), carries with it 
that of > a, e-¥", so that no hypothesis concerning this is needed. 


+ M. L. Cartwright, PLMS (2), 31 (1930), 81-96 (where the method of proof is 
different). 
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(2) It is plain that the range (8,8) prescribed by (1.7) always lies 
inside (—47, $7). If k < 1 then 


— dakar oy) — oy = —(1—k)($2-+- 04) < 0, 


so that —4a-*k(}7-+0,) << a,; and similarly 47—k($a7—ag) > ag. 
Thus (8,,8,) may extend beyond (a,,a,) at each end: the angle of 
summability in the conclusion is greater than that in the hypothesis. 
We may suppose a, = a, in which case the hypothesis asserts (1.1) 
along one line only. 

If k>1 then —4in+hk(d7+0,) > a, and 47—k(}7—a,) < a, 80 
that (8,, 8.) lies inside (a,, a2.) at both ends, and the angle of summa- 
bility in the conclusion is smaller than that in the hypothesis. The 
hypothesis (1.9) is equivalent to 


— 3a-+kh(pa+o4) < $0—k(h7— ag), 
and is essential to the conclusion. All this is in harmony with the 
general principle stated in §4.12. If g <p then the (A,qg) method is 
less powerful than the (A,p) method, and therefore less likely to be 
‘applicable’, but, if applicable, it is more effective. 


2. We need a lemma concerning the Fourier transform of e-*". 


THEOREM 271. If 
A, «= ree, F(a) = | e* cos xt dt 

6 
for positive x, then (1) the analytic function F(x) defined by the integral is 
regular for |@| <A, (2) F(a) = O(1) for small x, and (3) F(x) = O(r-1-*) 
for large x, each of (2) and (3) holding uniformly in any angle 
\Q} <A—e <A. 

If k > 1, then F(z) is an integral function and (1) and (2) are trivial. 
If k = 1, then F(x) = (1+*)-1, the integral converging for |3(x)| < I. 
If k < 1, then the integral for F(x) is convergent only for real x. But in 
any case we have 


Tv 


k>0, oy; 


F(x) = - | eta cost dt, 
first for positive x and then for cosk@ > 0, ie. for |@] <A. Also. 
| F(x) | < 1 | eros k(A—€) dt 
r 


for |0| < A—e, so that (2) is true for k > 0. 
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Next, for positive z, 


xF(x) = 2x f e*cosat dt = k | e-tk-1 gin xt dt 
om pl i eH pk—leiat Ha” i ef tk-le-it dt = 2F,(x)—xF,(z), 
2 , 20 
say. Still supposing that x is positive, we have 
k = be Se aie 
“FF, (x) = aia | eWay yk—-Ipit dt; 


and we may take the integral along the line t = pe‘?, where ¢ is 
small and positive. The integral is then absolutely and uniformly con- 
vergent for x in any angle |0| < A—¢—n < A—4, and represents xf; (x) 
throughout |6| < A—d@; and 


a T(1-+k) 
k (i+ ' 
k+1 fil k-lett J¢ — thai 
xkt+1R (x) > 5 | tle" dt ae 
0 
when x tends to infinity, uniformly in [6] < A—¢—7. Similarly, using 
a path of integration below the real axis, we see that 


Qiak+1 F(a) > D(1+k)e*, 
uniformly in the same angle, and (3) follows. 


3. Passing to the proof of Theorems 269 and 270, we have 
(3.1) enunt = = { F(t)cos(y!*n?t) dt =— 1 | Fitjet¥# dt | F(tje-*¥# dt, 
7 7 7 


ify > Oand Y = yUknp, If t = pe?, OS 6, <a and —7< ¢, <0, 
then arg(—7Yt) and arg(/Yt) lie between —4m and 4m for0 << ¢< ¢, 
and ¢. < ¢ < 0 respectively. If also 

(3.2) Ipy| <A—e, IPe| << A—«, 


then it follows from Theorem 271 and Cauchy’s theorem that we may 
replace (3.1) by 


(3.3) e-unt _ | Fityet¥t dt +4 | F(tye-*¥* dt, 
7 Tt 
Ci Ce 


where C, and Cy are the radii ¢ = ¢, and ¢ = ¢,. It also follows that 
(3.3), proved at present only for y > 0, is true for complex y = re, 
and ¢,, ¢, satisfying (3.2), and 


6 
(3.4) —dn< tidy < 97, —37 a7 +7 ths < in 
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(instead of 0 < ¢, <7, —7 < g, < 0). A fortiors it is true if 

6 6 
(3.5) % Sd t eth So, my S dota the S a, 


and ¢, and ¢, satisfy (3.2). 

Let us assume provisionally that, when 8, < @ < B., we can choose 
$, = ¢,(9) and ¢, = ¢,(6) so as to satisfy (3.2) and (3.5). Let 
Tt = exp{4(a,+a,)t}, and take 8 > 0. Then 
(3.6) 


—yn!— 1 —nPz 1 —n?z: 
Sagewedor — 2 [Sayewnr odes |S anew kid = xt xe 
C1 : C2 


say, where 2, = 8r—ty"*t, Zo = Sr+iy"*t, 
provided that we can justify the summations under the integral sign. 
If z, = 6r+Z,, then arg Z, lies in (a,,,), and 2, lies in the angle 
D(8) whose vertex is at 8c and whose sides make angles a, and a, with 
the positive real axis. Thus, if 5,y are fixed, 5 a,e-" converges 
uniformly on arg t = ¢,; and 
fir@lae 
C1 
is convergent. It follows that the term-by-term integration in x, is 
legitimate, and that in y, may be justified similarly. 
Next, f,(z) = } a,e-"”* is, by hypothesis, uniformly continuous in 
D(0), and therefore, by Theorem 31, 


f al¥) as >, an ee hue = an e—ynt—drn? 
= J gl —iy MOVED at += | foliyMt) F(t) dt, 
C1 Cs 


if the series ¥ a, e-”" is convergent (a hypothesis needed only when 
q <p, k <1, as we pointed out in §1). 

Finally, f,(—iy"*t) and f,(iy/*t) tend uniformly to s, when y—> 0 in 
the angle 8, < 6 < f, and |¢| is bounded, and are uniformly bounded 
~ in the angle, for all. ||; and 


fired, fired 
Ci Ce 
are bounded and uniformly convergent for ¢,, ¢, satisfying (3.2). 


Hence fv) >2{ [+ {}F0 ar—= | Fw Lee 
0 


C1 Ce 
uniformly in 8, < 6 < Bz. 
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It remains to justify our provisional assumption that ¢, and ¢, can 
be chosen so as to satisfy (3.2) and (3.5), and for this purpose we may 
take « = 0. Considering the inequalities for ¢,, we have to show that 
6, = $,(6) can be chosen so that 


0 0 
5 < hh <5 atin—7 <b < Oat 3m — 70 
This is certainly possible if 
0607 7 6 
Lee ee ren need 
Oy Pu k < ok’ ok < + $7 k?’ 
i.e. —hatk(da+oa,) <0 < $r+k(g7+a), 


and a fortiori if B, < 0 < B,. Thus ¢,, and similarly ¢,, can be chosen. 


4. It may be useful to add a short statement of the principal 
properties of F(x): Theorem 271 contains only the minimum necessary 
for the proof of Theorems 269 and 270. If k > 1 then 


(4.1) F(z) = ; orn Pe 


is an integral function. It has an asymptotic expansion 


! 


(4.2) > se U'(mk-+1)sin 4mka x-™*-1 


valid in the sectors |argx| < and |arg(—x)| <A. This series vanishes 
identically when k = 2, 4, 6,..., and in this case F(z) is exponentially 
small for large x in the sectors, and all its zeros are real. In any case 
it is exponentially large in the remaining sectors. The exponential 
approximations may be found by the saddle-point method. 

When & < 1 the integral for F(x) converges only for real x; but the 
series (4.2) is convergent, and F(x) = «1G(x-*), where G(w) is integral. 
In this case the series (4.1), now divergent, represents F(x) asympto- 
tically for small x with |argz| < A. 

When 0 <k < 2, F(x) > 0 for positive z. 

Fuller information, and references, will be found in Pélya, MM, 52 
(1923), 185-8; Wright, JZMS, 10 (1935), 286-93; and PTRS, 238 
(1940), 423-51, and 239 (1946), 217-32. 


5. Finally, we add a few words concerning the application of the 
(A, q) method to Fourier series. The main theorem is 


THEOREM 272. The (A,q) method is Fourier-effective for every q. 
4730 ce 
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We need an extension of the ordinary theorem concerning A or 
(A, +) summability, viz. 

THEOREM 273. If f(t) satisfies 1, for t = 6,t and —4a < a, < a < 4n, 
then the Fourier series of f(t) is summable (A, 1,04, %), for t = 9, toc. 
In particular this is true, with c = f(8), for almost all 0. 

We leave the proof, which is similar to the ordinary proof of A 
summability, to the reader.t Theorem 272 is a corollary. We can 
choose a so that 

0 < 3a—q(37—a) < 3a 
(as is always possible by taking « near enough to 47). Then the Fourier 
series is summable (A,1, —a,«), by Theorem 273; and therefore, by 
Theorem 269, summable (A,q, —B, 8) provided that 

0<B < 3a—q(37—a). 
In particular, it is summable (A, q). 


f i.e. (1.2) of Appendix IT. 
{ It is only necessary to show that if 


, _ _ l—e-¥ ; 
Kly, t) = $+ Xe cosni = 21 —3e-¥coshpe-m)" 
y= ut iv, v = utanyx, xl << xo < $7, 
n 
K 
then J IS dt < H, 
ot 
—t 
where H depends only on x,. See Appendix II, 
CORRIGENDA 


p. 286. The statement that ‘any h of L can be expressed in the form (12.2.1), 
with an r of L’ is false, since H(t)/G(t) = R(t) > 0 as |t|-> co whenever r is L 
(Titchmarsh, Fourier transforms, Theorem 1). But in the relevant theorem 
(Theorem 229) h is restricted so that H(t) = 0 for large [¢]. 


p. 376. A summation method equivalent to Ingham’s method, (I), was given 
earlier by A. Wintner, Hratosthenian averages, Baltimore, 1943. 


p. 378. The extension of ‘Axer’s theorem’ given as Theorem 267, and indeed 
with the more general conditions (c 2), (d 1) in place of the alternatives (c 1), 
(d 1) or (e 2), (d 2), is included in a theorem of EK. Landau, RP, 34 (1912), 
121-31, Satz 5. 
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